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Izvleček  
Glavna tematika naloge so prednapete kabelske mreže. V osnovi je delo razdeljeno na dva 
segmenta. V prvem so obravnavane teoretične osnove lahkih prednapetih konstrukcij 
(prednapetih membran in kabelskih mrež) ter principi njihovega delovanja. Natezne 
konstrukcije so nato klasificirane glede na njihovo Gaussovo ukrivljenost. Prikazan je 
pomemben pojem dvojne ukrivljenosti (antiklastična geometrija). V procesu projektiranja je 
faza iskanja oblike (ang. form-finding) zelo pomembna. Trije načini iskanja optimalne 
geometrije nateznih konstrukcij so opisani bolj podrobno (dinamična relaksacija, metoda 
prehodne togosti in metoda gostote sil). Obravnavan je tudi enostaven primer iskanja oblike 
hiperboloidne kabelske mreže v programskem okolju Rhinoceros z vtičnikoma Grasshopper in 
Kangaroo. Na koncu prvega dela je predstavljen še projektantski biro schlaich bergermann partner iz Stuttgarta, kjer je avtor eno leto preživel na praktičnem usposabljanju. 
 
V drugem delu je obravnavan projekt prednapete kabelske fasadne konstrukcije stolpa za 
shranjevanje energije pod imenom Energie- und Zukunftsspeicher Heidelberg (slov. Energijski 
hranilnik prihodnosti Heidelberg). Avtor je na projektu sodeloval v fazi začetnih študij 
izvedljivosti ter projektiranja. Opisani so glavni sestavni deli konstrukcijskega sistema – jeklena 
krona na vrhu, spiralni nosilec, ki se vije okoli stolpa, ter kabelska fasada, napeta med krono 
in tlemi. Na kratko je obravnavano iskanje oblike. Nato so predstavljeni vsi obtežni primeri in 
obtežne kombinacije. Posebnosti, na katere je potrebno paziti pri projektiranju tovrstnih 
konstrukcij, so npr. lezenje kablov zaradi visokih nateznih sil, deformacije mreže ob zunanjih 
obtežbah, minimizacija števila kablov, ki bi utegnili postati razbremenjeni, ipd. Za konec je 
predstavljenih še nekaj detajlov, kot so npr. vpetje kablov v beton, kabelske objemke, fasadni 
paneli. 
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The central subject of the thesis is prestressed cable nets. The report is divided into two 
fundamental segments. The first one focuses on the theoretical essentials of lightweight tensile 
structures (prestressed membranes and cable nets). It explores how they work by explaining 
the important principle of double curvature (anticlastic surfaces) and the concept of Gaussian 
curvature for classification of curved surfaces. The form-finding design phase is of great 
importance. Three types of form-finding are mathematically described (dynamic relaxation, 
transient stiffness method and force density method). Software Rhinoceros with plugins 
Grasshopper and Kangaroo is used in a simple form-finding example of a hyperboloid cable 
net. Lastly, the engineering office schlaich bergermann partner from Stuttgart, where the 
author has finished a one-year internship, is presented. 
 
The second segment contains the project of a prestressed cable net facade, enveloping a hot 
water storage cylinder. The project's designation is Energie- und Zukunftsspeicher Heidelberg 
(eng. Energy storage tank of the future, Heidelberg). The author has participated in the 
project's feasibility studies phase and in the initial structural design of the cable net. The 
structural system is described (the steel crown on top, the helix beam, spiraling around the 
storage tank, and the cable net facade, spanning between the crown and the ground). The 
form-finding phase, load cases and load combinations are presented. Certain specialties 
concerning the design of such structures are considered and described – cable creep, cable 
net deformations, minimising the number of slack cables, etc. Lastly, a few details are 
presented (interface between the cables and the concrete, cable clamps, facade panels).  
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Throughout most of human history, tensile structures have been limited to mainly various types 
of tents, made of animal hide or fabric, supported by bones or wooden masts and stabilised 
with guy ropes. These types of structures had many advantages over typical structures of the 
time, particularly for nomadic tribes that needed to relocate often as they were relatively easy 
to construct and transport due to their low weight [18]. 
 
Although the materials advanced considerably (from vines to wrought iron ropes to high 
strength steel ropes today), it was not until the 20th century that the field of tensile structures 
saw significant progress, inspired in part by the work of Russian engineer and mathematician 
Vladimir Shukhov. His contributions include the first formula for calculating stresses and 
deformations of thin shells and membranes. This tool encouraged engineers to create 
structural forms that were previously thought impossible [18].  
 
The next fundamental advance in the development of light tensile structures happened in the 
1950s due to the work of German engineer Frei Otto. Through extensive mathematical and 
experimental studies of minimal surfaces, double curved forms, prestressed structures, etc., 
he showed that tensile structures can perform extremely well as large-span roofs, temporary 
canopies, façades and retractable roofs.  One of their advantages over conventional structural 
systems, besides being considerably lighter, is that they are arguably more architecturally 
elegant. Their drawbacks are usually listed as high construction costs, high complexity, 
susceptibility to large deflections under thermal and snow loads, etc. Examples of the most 
notable cable nets by Frei Otto include the Olympic stadium roof in Munich (1972) and the 
German Pavilion at Montreal Expo 67 (1967) [19]. 
 
It should be mentioned that the term tensile structures includes both cable nets and 
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1.2 Thesis outline 
 
Chapter 1 is a general introduction chapter. 
 
Chapter 2 focuses at first on a broad overview and working principles of lightweight structures 
(membranes and especially cable nets). Effects and benefits of double curved surfaces are 
explored. Form-finding methods are presented. Software environment Rhinoceros with plugins 
Grasshopper and Kangaroo is introduced and used in a simple form-finding example of a 
hyperboloid cable net. Lastly, a brief historical overview of the engineering office schlaich bergermann partner (sbp) is presented along with two prominent cable net projects as case 
studies. 
 
Chapter 3 features the Energie- und Zukunftsspeicher Heidelberg, an energy storage facility 
consisting of a hot water storage cylinder enveloped by a cable net façade. The structural 
system and the simplified formfinding phase are explained. Load cases and load combinations 
are then listed, along with the bill of quantities. The design phase of such a project involves 
various analyses that are unique to tensile structures, for instance cable clamp design, cable 
creep analysis, loss of prestress checks, and so forth. At the end, some typical details are 
presented (interface of the cable net with the concrete substructure, cable clamps and the 
kinetic façade wind panels). 
 
Chapter 4 contains the conclusion and a brief overview of the thesis, written in Slovenian, 
according to regulations of FGG Ljubljana. 
 
At the end, the chapter Appendices contains figures of internal forces in the cable net as well 
as in the helix beam and the crown for key load cases. 
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2 LIGHTWEIGHT STRUCTURES 
2.1 Principles of lightweight structures 
 
Nearly all efficient structures have certain common aspects: they are light, they utilise tension 
load transfer as much possible while also eliminating bending load transfer and they often 
exploit the concept of prestress. The “lightness” of a structure can be defined as the ratio 
between the structure’s live load and its dead load [4]. The designer should always strive 
towards a structure that is rationally and efficiently designed over a massive and resource-
heavy one. The thought process behind designing efficient lightweight structures can be boiled 
down into five key principles which are presented below [4]. 
 2.1.1 Minimisation of dead load 
 
All structures are affected by dead loads due to the force of gravity, in most cases 
unfavourably. A reduction of dead loads not only reduces the necessary dimensions but also 
improves behaviour during earthquake loads. However, lightweight structures have, as the 
name implies, low masses which lead to low forces during earthquakes. Therefore, the 
earthquake load cases are generally not governing in terms of design. 
 
The dead load component of pure tensile structures is generally negligible. Nevertheless, 
tensile structures often have segments that act in bending, e.g. edge beams of cable nets or 
membranes, suspension bridge decks, parts of stadium roofs, etc.), thus a reduction of dead 
loads is usually beneficial. 
 
The following example of a simply supported beam in pure bending with a self-weight line load g and a rectangular cross-section b/h demonstrates that, if the same longitudinal stresses at 
midspan are retained, the self-weight of a beam scales with the cube of its span (Eq. (2.5)). 
Additionally, equation (2.4) tells us that the necessary beam height scales with the square of 
the span. For example, when increasing the span by a factor of 3 the beam thickness has to 
be increased by a factor of 9 in order to retain the same maximum stresses. 
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𝑔  self-weight line load, 
𝐿  span length, 
𝑀  midspan bending moment, 
𝑤  beam weight, 
𝛾  beam specific weight, 
𝑏  beam width, 
ℎ  beam height, 
𝐼  strong axis moment of inertia, 
σ  longitudinal stress in outermost fibre at midspan, 
𝑓𝑦  material yield stress. 
 2.1.2 Avoiding bending load transfer 
 
Beam bending is an inefficient way of load transfer, therefore it should be avoided whenever 
possible. This can be achieved by sensibly designing the structural system or by replacing 
members in bending with members in pure tension or compression (for instance, the 
transformation of a beam member into a truss member, i.e. retaining the edge fibres as main 
structural components and eliminating most of the less effective interior mass). Additionally, 
tension is preferable to compression due to the latter’s stability problems [4]. 
 
 
Figure 2: Simply supported beam vs. a simply supported truss Slika 2: Prostoležeči nosilec v primerjavi s prostoležečim paličjem 
 2.1.3 Using structurally “efficient” materials 
 
The ratio 𝑓𝑢/𝛾 (ultimate strength divided by specific weight) states the rupture length of a 
material, i.e. the maximum length of a vertical string that can carry its own self-weight. This 
property further reinforces the previously described principle of introducing tension members. 
To achieve maximum efficiency, the ratio should be as high as possible. Table 1 presents the 
values for some common materials. 
 
Table 1: Rupture lengths of common materials Preglednica 1: Pretržne dolžine pogostih materialov 
 
  
Tensile strength Specific weight Rupture length
fu γ LR = fu / γ
Material Type N/mm2 kN/m3 km
Concrete12 C30/37 2.9* 24 0.1
S355 470 78.5 6
Wire 1770 78.5 23
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2.1.4 Utilisation of pretensioning 
 
Pretensioning can aid us in utilising cables that would otherwise go slack. The phenomenon 
can be demonstrated by the following example.  
 
A cable is spanned between the top and bottom supports. It is assumed to be unable to resist 
neither compression nor bending. Its length is shorter than the distance between the support 
points, therefore it has to be tensioned in order to fit. The force P in the stressed cable is 










𝑃  prestress force 
𝐸  elastic modulus 
𝐴  cross-sectional area 
𝛥𝐿  gap 
𝐿  starting element length 
𝜀  deformation 
 
 
Figure 3: Prestress thought experiment and load-deflection graph G-u Slika 3: Miselni eksperiment o prednapetju ter graf sile G v odvisnosti od pomika u   
In the last case G1 has been replaced with G2, a heavier mass with a weight that is larger than 
twice the prestress force. This causes the bottom half of the cable to go slack and lose its 
stabilising function. The stiffness of the system is halved, which can be seen in the slope of 
the force-deflection curve. The system is now unstable. Note: cable self-weight is neglected. 
 
  
R1 = G2 
R1 > P 





R1 = P 
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2.1.4.1 Geometric stiffness 
 
Another property of lightweight tension structures is geometric stiffness. Generally, the 
stiffness of a tension structure consists of two parts – the elastic stiffness 𝑘𝐸 and the geometric 
stiffness 𝑘𝐺 [5]. The elastic stiffness is dependent on the material properties of the cable itself 
(the Young modulus E, the cross-sectional area A and its length L). It is oriented along the 
longitudinal axis of the cable [5]. 
 
The geometric stiffness 𝑘𝐺 is a consequence of the axial force in the cable. It is most apparent 
when loads act perpendicularly to the cable axis. It is a function of only the axial force in the 
member, its length and the angle from which the loads are applied, not its mechanical 
properties. If we imagine a cable with a large tensile force, it is apparent that it will be more 
laterally stiff than it would be without the tensile force. However, it is not only a property of 
cable structures but also of regular structures, as shown in Figure 4. The second structure 






      
Figure 4: Visualisations of elastic (left) and geometric (right) stiffnesses with their relevant 
properties Slika 4: Vizualizacija elastične (levo) in geometrijske (desno) togosti z njunimi ustreznimi parametri  
E, A, L F F‖ 
F⊥ 
Nx, L 
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2.1.5 Curvature effects 
 
The primary factor that even enables the usage of thin and light tensile structures (especially 
membranes and cable nets) is the utilisation of stabilising and strengthening effects of double 
curved surfaces. These are described in much more detail in the following chapters.  
 
Employing just the five key principles listed above, a general order of structures can be 
established, according to Schlaich, J. [4]. The structures of interest to us are situated in the 
lower right. 
Figure 5: The order of structures [4] Slika 5: Razpored konstrukcij [4] 
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2.2 Tensile structures 
 
The ultimate expression of lightweight structures are tensile structures – cable nets and 
membranes. Analytically, both of these can be thought of as the same type of structure – a 
cable net is only a discretised membrane [1]. In other words, a membrane can be cut into 
arbitrarily wide strips which are analysed as separate structural members. Each intersection 
forms a structural node. 
 
As we know, cables are structural elements which transmit all of their loads solely through 
tension; their resistance to compression is negligible, as is their resistance to bending. 
Therefore, the stiffness of a cable structure is entirely reliant on a sufficient level of tension. 
Slack cables can cause large reductions or variations of the global system stiffness and 
potentially lead to significant deflections [5]. 
 2.2.1 Forms and shapes of tensile structures  
 
During development of a new cable net infinite shapes are at the designer's disposal. It is 
almost never obvious which one is optimal, therefore the designer has to, through experience 
and knowledge of the subject, find the shape that is structurally sound and satisfies all 
architectural demands and boundary conditions. In contrast to traditional structures made of 
concrete or steel, the shape of a tensile structure cannot be determined at the beginning of the 
design process [1]. It has to be found iteratively due to the inextricable link between the shape 
and the prestress level of tensile structures. The process is called form-finding. 
 
The first studies in this field have been carried out in the 18th century by observing natural 
phenomena, such as soap film shapes or the healing process of cut off tree branches [1]. Both 
of these exhibit the geometrical phenomenon of minimal surfaces. These surfaces are 
characterized by a local potential energy minimum, which makes them stable [1].  
 
If we imagine a soap film with two principal radii R1 and R2 and a surface tension σ, the 
pressure difference between the outer and inner surface can be described as [1]: 
 








The principal radii appear in planes perpendicular to each other. In the case of open soap films 







= 0 (2.8) 
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Gaussian curvature is a useful parameter for the description of surfaces. It helps us 
differentiate between hyperboloids, cylinders/planes and spheres, by assigning them a 
negative, zero or positive Gaussian curvature, respectively. 
 2.2.2 Tensile structures with negative Gaussian curvature 
 
Hyperbolic shapes are of particular interest to us due to their stable double curved nature (K < 
0). These so-called anticlastic surfaces have two principal curvatures which are stressed 
against each other. This enables them to efficiently resist loads acting in either direction, i.e. 
pressure and suction.  
 
 
Figure 6: Double curved surface with a negative Gaussian curvature Slika 6: Dvojno ukrivljena površina z negativno Gaussovo ukrivljenostjo 
 
There are two mathematically defined geometric shapes that can be found in basically every 
double curved structure: the hyperbolic paraboloid (hypar) and the hyperboloid of one sheet. 
The hypar is the recognisable saddle shape, while the hyperboloid of one sheet is often seen 
in powerplant cooling tower designs. 
















= 1   
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The principle is explained on a simple cable net in Figure 8. The left image shows the simplest 
possible “double curved” cable net with the blue cable acting against gravity loads and the 
orange cable acting against upward loads while also stabilising the system. This case can be 
thought of as a clothes line (blue) that is stabilised against horizontal loads with two 
perpendicular ropes (orange) attached to the ground.  
 
In the central image, bending members are introduced to the system as edge beams in order 
to provide additional connection points for the added cables. Finally, the system is presented 
as an even denser cable net in the third image. Its shape approximates a hyperbolic 
paraboloid, described earlier. 
 
           
Figure 8: Evolution of a simple hypar cable net Slika 8: Evolucija enostavne dvojno ukrivljene mreže kablov 
 
The VW customer centre exit in Wolfsburg is covered by a hypar cable net with one major 
difference to the above example: the two extreme points are not supported by columns and 
stayed into the ground with cables but are free. The whole structure rests on only two moment 
supports. Consequently, the entire prestress of the cable net has to be transmitted into the 
edge beam which acts in bending. 
 
   
Figure 9: Hypar roof of VW customer centre exit in Wolfsburg, 2013 (left), © Tobias Hein [22], 
Sky Reflector of the Fulton Center in New York, 2013 (right), © Patrick Cashin, MTA [13]  Slika 9: Hipar streha izhoda strank VW v Wolfsburgu, 2013 (levo), © Tobias Hein [22], Reflektor neba v Fulton centru, New York, 2013 (desno), © Patrick Cashin, MTA [13] 
 
The Fulton Center Sky Reflector is situated in one of the subway stations in Lower Manhattan, 
New York. Cables with a diameter of only 6 mm were woven into the hyperboloid cable net 
structure. It is covered with perforated aluminium reflector panels which reflect and scatter the 
light into the underground transit centre below [13]. 
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2.2.3 Tensile structures with zero Gaussian curvature 
 
Tensile structures can also be planar. These structures are ordinarily less stiff out of plane and 
need to rely on higher prestress levels to compensate for that. Consequently, they also require 
stiffer boundary supports, such as for instance moment frames running along their perimeter. 
Such structures are often seen as cable net façades, sometimes with dimensions ranging in 
dozens of metres. 
 
 
                 
 
Figure 10: Planar surface (left) and cylindrical surface (right), both with K = 0 Slika 10: Ravninska površina (levo) in cilindrična površina (desno), obe z K = 0 
 
A cylindrical cable net generally cannot be prestressed to make a stiff and stable surface due 
to only having one curvature.  
 
   
Figure 11: Planar cable net glass façade of JiaMing Center in Beijing, China, 2011, 
© Christian Gahl [23] Slika 11: Ravninska steklena fasada (podprta z mrežo kablov) v JiaMing centru v Pekingu, Kitajska, 2011, © Christian Gahl [23]   
R2 = ∞ 
R1 
R1 = ∞ 
R2 = ∞ 
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2.2.4 Tensile structures with positive Gaussian curvature 
 
These structures are typically thin pneumatically supported membranes, i.e. membranes 
stressed by the artificially increased internal air pressure. They are characterised by the double 
curvature in the same direction (synclastic shape). The pressure differential is produced by 
fans. The need for constant air flow can be alleviated by using structural air beams or cushions, 
which provide additional stiffness. They are often used as temporary structures. 
 
 
Figure 12: Synclastic double curved surface with K > 0 Slika 12: Sinklastična površina z dvojno ukrivljenostjo in K > 0 
 
    
Figure 13: Roof of Roman arena in Nîmes, France, 1988 (left), © sbp [24] 
Sport- and Wellness Bath Kelsterbach (right), © A. Mirwald/ kplan A [25] Slika 13: Streha rimske arene v Nîmesu, Francija, 1988 (levo), © sbp [24] Streha kopališča v Kelsterbachu, Nemčija, 2010 (desno), © A. Mirwald/ kplan A [25] 
 
The 5000 m2 pneumatic membrane roof of the Roman arena in Nîmes has been envisaged as 
a temporary lightweight structure that can be easily assembled in fall and then disassembled 
in spring [24]. 
 
The retractable roof of the Wellness Bath in Kelsterbach is an example of a pneumatic cushion 
roof [25]. The global shape of the roof is cylindrical, however each bay by itself is synclastic 
due to the increased cushion pressures. 
  
R1 R2 
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2.2.5 Form-finding methods 
 
Three distinct categories of form-finding methods have been established [6]: 
• Dynamic equilibrium methods (e.g. dynamic relaxation) 
• Geometric stiffness methods (e.g. force density method) 
• Stiffness matrix methods (e.g. transient stiffness method) 
 2.2.5.1 Dynamic relaxation method 
 
Dynamic relaxation is a type of structural and form-finding analysis which solves dynamic 
equations of motion to arrive at a stable equilibrium state of the structure within certain 
boundary conditions. It requires several parameters to control stability and convergence, such 
as time step, imaginary point masses, imaginary damping, etc. which sometimes makes it 
impractical to use [6]. 
 
The dynamic relaxation method is not based on a stiffness matrix formulation and solving of 
non-linear equilibrium equations. Instead, it is based on a lumped mass model in which point 
masses are assigned to nodes of the system. The initial system geometry is unlikely to be in 
equilibrium which makes the system oscillate around its equilibrium position under the 
influence of residual forces. Eventually, it comes to a stop due to either kinetic or viscous 
damping [1]. 
 
   
Figure 14: Initial geometry (left), geometry in equilibrium (right) Slika 14: Začetna geometrija (levo), geometrija v ravnotežju (desno) 
 
Viscous damping is implemented regularly with a scalar or matrix of viscous damping 
coefficients. Kinetic damping is applied in a different manner. Firstly, the viscous damping 
coefficient is reduced to zero. As the system oscillates, the level of kinetic energy is observed. 
When a local maximum of kinetic energy is achieved, the system is stopped and then restarted 
but with zero initial velocity. This procedure is then repeated several times until the kinetic 
energy peaks are sufficiently small [1]. 
 
The fundamental equation of the method is the equation of motion (Eq. ((2.11) shown in global 
form with constant viscous damping) [1]. Eq. (2.11) describes the entire cable network with nfn 
free nodes and 3 ∙ nfn degrees of freedom. 
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index i  free node i, 
𝐩𝐢  vector of external loads acting on node i, 
𝐊 global stiffness matrix, 
𝐌   global mass matrix,
 
𝐂  global viscous damping matrix, 
𝐮i  translation vector of node i, 
?̇?i  velocity vector of node i, 
?̈?i  acceleration vector of node i. 
 
The following equations are written only for node i, in order to further simplify the notation. The 
vector of residual forces 𝐫i can be defined as the difference between internal and external loads 
acting on node i, thus: 
 








Mi   mass of node i (assumed to be the same in all three principal directions) 
 
The system will be in equilibrium when these residual forces are equal to zero [1]. 
 
The equation can be approximated by utilising the centred finite difference method which 
makes it possible to solve the equation with numerical approaches. For that purpose, time is 
discretised into time steps with a length of Δt. Average acceleration can then be approximated 
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The process is then iteratively repeated for all nodes simultaneously until all residual force 
vectors are sufficiently small. At that moment, the structure is in equilibrium [1]. 
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2.2.5.2 Transient stiffness method 
 
This method is based on the theory of small displacements even though these structures are 
usually geometrically non-linear. The initial cable net geometry vector 𝐗0 between known 
boundaries has to be assumed or guessed, as is the starting prestress level. Internal force 
components pxi, pyi and pzi at each node form resultant internal force vectors 𝐩i,int. Due to the 
guessed geometry, it is generally quite unlikely that equilibrium is already achieved, therefore 
𝐩i,int − 𝐩i,ext ≠ {0,0,0}
T
. Until the structure is in equilibrium, this vector is equivalent to the out-
of-balance residual force vector 𝐫i [2]. 
 
According to [2], if 𝐊 is the global stiffness matrix and 𝐮 is the displacement vector resulting 
from the residual force vector 𝐫, then 
 




𝐮 = 𝐊−1𝐫 (2.21) 
 
Due to the assumption of small displacements, at first sight this equation is not useful for 
analysis of geometrically highly non-linear tension structures unless the initially assumed 
geometry is very close to the final formfound one. This is quite unlikely, especially considering 
the complexity of such structures, therefore it can be assumed that in the first steps the vector 
𝐫 will be large. If the vector 𝐫 is large, then also the deflections will be large, making the analysis 
not converge, or converge to an incorrect solution [2]. 
 
The way to overcome this problem is to introduce a step-wise incremental method of 
calculation and recalculate the stiffness matrix at each step k. Additionally, the full residual 
force vector 𝐫 should not be applied; instead, a smaller proportion Δ𝐫k is used to calculate the 
incremental displacement vector Δ𝐮k+1.  
Δ𝐮k+1 = 𝐊k
−1 Δ𝐫k (2.22) 
 
New geometry is calculated as follows: 
 
𝐗k+1 = 𝐗k + Δ𝐮k+1 (2.23) 
 
The new geometry is then used to recalculate the global stiffness matrix and continue to the 
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2.2.5.3 Force density method 
 
This method is based on ratios of force to length as basic parameters of each element. This 
approach is beneficial because it enables us to transform a non-linear system of equations into 
a linear one by assuming a constant value of the force/length ratio in all cables. Noteworthy is 
the fact that this method does not find stable minimal surfaces; it only finds surfaces in static 
equilibrium, which are not necessarily minimal surfaces [1]. 
 
Nodes are defined as intersection points between cables. One element is taken as a cable 
segment between two nodes. The nodes can be divided into two groups: restrained nodes and 
free nodes. All nodes are moment released. 
 
The method is demonstrated on a simple cable net example below. The system consists of 
four cable segments 𝑎, 𝑏, 𝑐, 𝑑 with one unsupported intermediate node 𝑖 and four restrained 
nodes 𝑗, 𝑘, 𝑙, 𝑚. The central unsupported node is loaded with a point force 𝐩. 
 
 
Figure 15: Cable structure with one unsupported node Slika 15: Kabelska konstrukcija z enim nepodprtim vozliščem 
 





 (𝑥𝑗 − 𝑥𝑖) +
𝐹𝑏
𝑙𝑏
 (𝑥𝑘 − 𝑥𝑖) +
𝐹𝑐
𝑙𝑐
 (𝑥𝑙 − 𝑥𝑖) +
𝐹𝑑
𝑙𝑑




 (𝑦𝑗 − 𝑦𝑖) +
𝐹𝑏
𝑙𝑏
 (𝑦𝑘 − 𝑦𝑖) +
𝐹𝑐
𝑙𝑐
 (𝑦𝑙 − 𝑦𝑖) +
𝐹𝑑
𝑙𝑑




 (𝑧𝑗 − 𝑧𝑖) +
𝐹𝑏
𝑙𝑏
 (𝑧𝑘 − 𝑧𝑖) +
𝐹𝑐
𝑙𝑐
 (𝑧𝑙 − 𝑧𝑖) +
𝐹𝑑
𝑙𝑑




𝑝𝑥 , 𝑝𝑦, 𝑝𝑧   x, y and z components of load vector p in node i 
𝐹𝑎 , 𝐹𝑏 , 𝐹𝑐 , 𝐹𝑑   axial forces in cable segments a, b, c, d 
𝑙𝑎 , 𝑙𝑏 , 𝑙𝑐 , 𝑙𝑑   stressed lengths of cable segments a, b, c, d 
𝑥𝑖, 𝑦𝑖 , 𝑧𝑖   x, y and z coordinates of central node i 
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It can be seen that this is a non-linear system of equations which cannot be easily solved as 
lengths of cable segments are themselves functions of node coordinates. This difficulty can be 
overcome by introducing a variable called force density qm. It is defined as the ratio between 







If we assume that this ratio is constant throughout the structure, the aforementioned non-linear 
system of equations becomes linear. We are interested in the unloaded equilibrium state of 
the system, therefore we equate px, py and pz to zero. This enables us to write a linear system 
of three equations with three unknowns (xi, yi, zi): 
 
𝑞𝑎(𝑥𝑗 − 𝑥𝑖) + 𝑞𝑏(𝑥𝑘 − 𝑥𝑖) + 𝑞𝑐(𝑥𝑙 − 𝑥𝑖) + 𝑞𝑑(𝑥𝑚 − 𝑥𝑖) = 0 (2.28) 
𝑞𝑎(𝑦𝑗 − 𝑦𝑖) + 𝑞𝑏(𝑦𝑘 − 𝑦𝑖) + 𝑞𝑐(𝑦𝑙 − 𝑦𝑖) + 𝑞𝑑(𝑦𝑚 − 𝑦𝑖) = 0 (2.29) 
𝑞𝑎(𝑧𝑗 − 𝑧𝑖) + 𝑞𝑏(𝑧𝑘 − 𝑧𝑖) + 𝑞𝑐(𝑧𝑙 − 𝑧𝑖) + 𝑞𝑑(𝑧𝑚 − 𝑧𝑖) = 0 (2.30) 
 
These three unknowns are the coordinates of the unrestrained central node. The method can 
be used for cable systems with an arbitrary number of degrees-of-freedom [1]. 
 
  
Pergarec, S. 2018. Cable net façade structure of an energy storage steel tower in Heidelberg. 19 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Civil Engineering, Structural Engineering. 
 
2.2.6 Cable net form-finding within Rhinoceros 
 
Rhinoceros is a 3D modelling application, used mainly in design and engineering fields. It is 
based on a NURBS-based curve and surface representation (non-uniform rational basis 
spline) which essentially means that curves and surfaces are drawn mathematically precisely 
as opposed to with polygons/meshes. Editing and manipulation of these objects is therefore 
more intuitive and easy [39]. 
 
The form-finding plugin is called Kangaroo, which is a physics-based plugin for Grasshopper. 
It can be used for form-finding, running physical simulations or doing geometric constraint 
solving. We will primarily be using it as a form-finding tool for our tensile structures [40]. 
 
The plugin iteratively finds the equilibrium geometry until a certain kinetic energy threshold is 
achieved, using dynamic relaxation. The ability to view and adjust the simulation in real-time 
as it is running is one of Kangaroo's more interesting features [40]. 
 2.2.6.1 Simplified example 
 
The following chapter presents a simple symmetric cable net, composed of vertical and 
horizontal cables. The cable net is designed parametrically, with all parameters adjustable "on-
the-fly" with sliders, even as the simulation is running. The parameters include the height, 
radius, vertical division, radial division, etc. The cable net has a radius of 25 m and a height of 
45 m. 
 
   
Figure 16: Simplified cylindrical cable net (left) and main input parameters (right) Slika 16: Poenostavljena cilindrična mreža kablov (levo) in njeni glavni vhodni parametri (desno) 
 
The net intersections act as nodes with point masses. These masses can be arbitrary 
(imaginary, or, in other words, not related to the real mass of the structure) but they are 
essential to the process of dynamic relaxation (𝐹 = 𝑚 ∙ 𝑎). 
 
All cables are defined as springs. To achieve the desired form-found shape, all springs are 
assigned a rest length which is shorter than their actual length. Rest length (also called natural 
or slack length) is the length to which the spring would revert to if it was unconstrained. We 
use this parameter to simulate prestress in the cables. Supports are assigned along the top 
and bottom perimeters [15]. 
25 m 
45 m 
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The images below present a comparison of different rest lengths and how they impact the 
resulting geometry. They also show the double curvatures and their respective radii. 
   
 
𝑅𝑣𝑒𝑟𝑡 = ∞ 





𝑙ℎ𝑜𝑟 = 1.0 
𝑙𝑣𝑒𝑟𝑡 = 1.0 
 
𝑅𝑣𝑒𝑟𝑡 = 26.8 m 





𝑙ℎ𝑜𝑟 = 0.40 
𝑙𝑣𝑒𝑟𝑡 = 0.25 
 
𝑅𝑣𝑒𝑟𝑡 = 23.4 m 





𝑙ℎ𝑜𝑟 = 0.17 
𝑙𝑣𝑒𝑟𝑡 = 0.28 
where 
 
𝑅𝑣𝑒𝑟𝑡  vertical cable net radius, 
𝑅ℎ𝑜𝑟  horizontal cable net radius, 
𝑙𝑣𝑒𝑟𝑡  rest length of vertical cables, 
𝑙ℎ𝑜𝑟  rest length of horizontal cables. 
 
Figure 17: Adjustments of cable net geometry through rest length manipulation Slika 17: Manipulacija geometrije mreže kablov s spremembami začetnih dolžin 
 




Figure 18: Cable forces in vertical and horizontal cables (Wingraf) Slika 18: Sile v vertikalnih in horizontalnih kablih (Wingraf) 
171.9 224.9 Nx [kN] 62.0 79.6 Nx [kN] 
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2.3 Structural engineering office schlaich bergermann partner (sbp) 
 schlaich bergermann partner is a worldwide structural engineering office founded by Jörg 
Schlaich and Rudolf Bergermann in 1980. It is based in Stuttgart, Germany, with additional 
offices in Berlin, New York, Paris, Shanghai and São Paulo. 
 
The beginnings of sbp can be traced back into the 1950s and 1960s, when Jörg Schlaich and 
Rudolf Bergermann were at the start of their careers. After completing his undergraduate 
studies at the Technical University of Berlin, Jörg Schlaich left Germany and travelled to the 
United States to pursue a Master's degree at the Case Institute of Technology in Cleveland. 
Prior to his departure he also commenced work on his doctoral thesis under Prof. Dr. Ing. Fritz 
Leonhardt in Stuttgart. This turned out to be a wise decision as it led him to his first job after 
finishing his studies in the U.S. and Germany – he started work as a structural engineer at the 
renowned Leonhardt und Ändra office in 1963. In the following years, he was involved in a 
string of extraordinary projects, including the Hamburg TV tower and the second TV tower in 
Stuttgart. Crucially, the Leonhardt und Ändra office was also where he met Rudolf 
Bergermann, another talented German structural engineer from Düsseldorf, who joined the 
firm almost immediately after finishing his studies at the Technische Hochschule Stuttgart [3]. 
 
One of the first major projects Schlaich and Bergermann participated in was Frei Otto's Munich 
stadium cable net roof, which started development in 1967. It turned out to be one of the 
milestones in regards to computational analysis and form-finding of tensile structures. Up until 
that point, the vast majority of such structures was analysed using physical modelling, but the 
engineering team of the Munich project was anxious that it would either not provide the 
required accuracy or be too time-consuming. A technique called the force density method 
(described in chapter 2.2.5.3) was developed and successfully employed in the project [3]. 
 
     
Figure 19: Munich stadium cable net roof, 1972 (left), © sbp / M.Zimmermann [26] 
Solar Chimney Pilot Plant in Manzanares, Spain, 1982 (right), © sbp Solar [27] Slika 19: Streha olimpijskega stadiona v Münchnu, 1972 (levo), © sbp / M.Zimmermann [26]  
sončna vzgonska elektrarna v Manzanaresu, Španija, 1982 (desno), © sbp Solar [27] 
 
Schlaich and Bergermann left the Leonhardt Ändra und Partner office in 1980 to form their 
own firm – thus Schlaich Bergermann und Partner was born (later renamed to schlaich bergermann partner). In 1993, the firm was one of the first to use the spoked wheel principle 
on the Gottlieb-Daimler-Stadion (now the Mercedes-Benz Arena). Since then, the company 
has remained at the cutting edge of innovative structural and energy engineering, designing 
everything from slender footbridges to stadium roofs, glass façades and solar reflectors. 
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2.3.1 Cable net case studies 
 2.3.1.1 Schmehausen cable net cooling tower, 1974 
 
Cooling towers are used to release waste heat from thermal power plants. They achieve that 
through evaporation which is accelerated by passing air. The air enters the tower at its base, 
passes the cooling devices and flows upwards due to its higher temperature. Traditionally, the 
towers were hyperboloid concrete shells acting in compression and bending (during external 
loading). As power plant outputs rise, so do the accompanying cooling towers. With the 
increasing radii, the stiffening double curvature effect of the shell is less and less pronounced, 
which makes the thin-walled concrete towers susceptible to buckling. Furthermore, it makes 
them sensitive to differential support settlements and construction imperfections [3].  
 
The Schmehausen cable net project was a study and prototype designed by Jörg Schlaich and 
his colleagues at Leonhardt und Andrä for a dry cooling tower (dry meaning that the water is 
contained in a closed system) without the usual drawbacks of a concrete shell tower. Its cable 
net was a triangular mesh, stressed between the foundation ring and the top compression ring. 
The steel compression ring was suspended from the central concrete shaft with radial cables. 
The cable net was covered by thin metal sheeting to provide the necessary airtightness for 
effective cooling [3]. 
 
 
Mantle height: 146 m 
Diameter at ground level: 141 m 
Diameter on top: 92 m 
Concrete mast height: 180 m 
Concrete mast diameter: 6.6 m 
Cable diameters: 20 and 25 mm  
 
Figure 20: Schmehausen cooling tower, © sbp [21] Slika 20: Hladilni stolp Schmehausen, © sbp [21] 
 
The tower was built as a prototype at the 300 MW Hamm-Uentrop nuclear plant in 
Schmehausen in 1974. The nuclear plant was stopped in 1991 due to political and safety 
reasons, therefore the tower had no further purpose as well. Even against public opposition, 
the authorities were granted a permit for demolition. The tower was destroyed with dynamite 
without any attempt to reverse the construction procedure and recycle the materials [3]. 
 
The prestressed cable net can be treated as a membrane, acting purely in tension, with no 
compressive or bending stiffness. This is where the primary benefit of the system lies – no 
stability problems can occur [3]. 
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Figure 21: Schmehausen cooling tower structural components [9] Slika 21: Komponente konstrukcije hladilnega stolpa Schmehausen [9] 
 
The cable net had to remain in tension under all load cases. In other words, the prestress level 
had to be sufficient for the cables to never go slack. This principle can be neatly shown in the 
diagram below. The wind loads induced unbalanced stresses in the net, but as long as the 
principal compressive stress caused by the wind was lower than the prestress level, the net 
was in tension and functioned as intended [3]. 
 
  
Figure 22: Schematic stress state during wing loading (left) [9] and closeup of the triangular 
cable net mesh (right), © sbp [21] Slika 22: Shematična razporeditev osnih napetosti med vetrovno obtežbo (levo) [9] in pogled 
na trikotno mrežo kablov (desno), © sbp [21] 
 
The relatively tiny cable clamp shown in Figure 23 tells us that the differential forces in the 
clamp were relatively small due to the triangular cable grid [16]. 
 
  
Figure 23: Clamp detail (left) [3] and cable net during construction (right), © sbp [21] Slika 23: Detajl kabelske spojke (levo) [3]  in mreža med gradnjo (desno), © sbp [21] 
a  Mast 
b  Foundation ring with soil anchors 
c  Hubring 
d  Spokes 
e  Compression ring 
f  Spoke-wheel 
g  Cable-net mantle 
h  Cladding 
i   Telescopic crane 
k  Air-intake opening 
l   Cooling elements 
24 Pergarec, S. 2018. Fasadna konstrukcija iz mreže kablov za jekleni stolp za shranjevanje energije v Heidelbergu.  
Mag. d. Ljubljana, UL FGG, Univerzitetni študijski program II. stopnje Gradbeništvo. 
 
The erection sequence was relatively straightforward – firstly, the central concrete mast was 
constructed. Then, the compression ring was hoisted gradually along the concrete mast using 
a lifting device. The net was "knit" at ground level as the compression ring rose. Once the lifting 
device reached the top point, the net was constrained on the ground into the foundation ring. 
The net was then tightened by pulling the net upwards some more until the required prestress 
state was attained [3].  
 
 
Figure 24: Construction sequence, [28] Slika 24: Potek gradnje, [28] 
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2.3.1.2 Killesbergturm, Stuttgart, 2001 
 
The Killesbergturm (Killesberg tower) is a 40.4 m high observation tower, located in 
Killesbergpark on the outskirts of Stuttgart, Germany. It is a cable-stayed lightweight structure 
with a central compression mast. It features two spiral staircases, one for ascending and one 
for descending, along with four viewing platforms. 
 
     
Mast height: 40.4 m 
Diameter at ground level: 21 m 
Self-weight: 80 t 
Cable diameters: 18 and 24 mm 
Mast cross-section: CHS 508/25mm 
Figure 25: Killesberg tower at night (left), © Michael Haußmann [29], and during the day 
(right, source: Samo Pergarec) Slika 25: Stolp Killesberg ponoči (levo), © Michael Haußmann [29], in podnevi  (desno, vir: Samo Pergarec) 
 
     
Figure 26: Killesberg tower top platform (left, source: www.stuttgart-tourist.de, acquired 
15.7.2017), spiral staircase detail (right), © Roland Halbe [30] Slika 26: Ploščad na vrhu (levo, vir: www.stuttgart-tourist.de, pridobljeno 15.7.2017), detajl spiralnih stopnic (desno), © Roland Halbe [30] 
 
In principle, the tower functions the same as the Schmehausen cable net tower. The central 
mast acts as the primary compression member. 24 cables with a diameter of 24 mm which 
connect to the compression ring are suspended from it. The compression ring acts as a 
»spacer« and changes the direction of the cables to the top point. The cable net then splits 
into 48 spiral cables with a diameter of 18 mm, each of which is prestressed with 88.5 kN. This 
results in a total mast compressive force of 3500 kN under prestress alone. The mast is 
laterally stabilised by the platforms and therefore by the cable net itself. The mast's buckling 
length is thus massively reduced. The vertical compressive force is transferred from the mast 
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into the foundation. Meanwhile, the cable net end connectors are anchored into an 
underground circular foundation ring which is designed to resist the substantial pull-out forces 
[7]. 
 
The design live load for the platforms is 5 kN/m2 or approx. 6 people with 83 kg per square 
meter. In total, this would equate to 2230 people on the tower. As an exceedingly light 
structure, visitors have described the Killesbergturm as »lively«. Indeed, during wind loading, 
the maximum horizontal deflection of the top platform is approx. 110 mm [7]. 
 
The structure is extremely transparent with highly visual, almost didactic details, such as for 
example the main support pin of the mast or the pin connections of the platforms to the mast 
(see below).  
 
    
Figure 27: Pin support of mast (left) [31], pin connection of platform to mast (right) [32]  Slika 27: Členkasta podpora osrednjega stebra (levo) [31], členkast spoj med ploščadjo in stebrom (desno) [32] 
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3 ENERGIE- UND ZUKUNFTSSPEICHER HEIDELBERG 
3.1 Project introduction and overview  
 
The Energie- und Zukunftsspeicher Heidelberg will be an energy storing facility and a tourist 
attraction in the city of Heidelberg in southwestern Germany. It will consist of a steel reservoir, 
a cable net façade and a restaurant on the top level. The reservoir will be a steel cylinder, 
approximately 42 m in height (53 m with the superstructure) and 25 m in diameter. Its brutto 
volume will be approx. 20 000 m3 with a usable volume of approx. 12 800 m3. It will store 
superheated water at up to 115°C by keeping it at a pressure higher than ambient atmospheric 
pressure. This will be done by vertically separating the cylinder volume into two compartments. 
The top compartment will pressurise the lower one, therefore allowing the water in the bottom 
part to be heated above its boiling point under normal conditions. Due to providing the 




Figure 28: Rendering of the Energie- und Zukunftsspeicher Heidelberg © LAVA Berlin [33] Slika 28: Računalniška upodobitev stolpa Energie- und Zukunftsspeicher Heidelberg  © LAVA Berlin [33] 
 
The reservoir will be enveloped by a prestressed cable net façade with an integrated staircase 
and two elevators to the top. On top, there will be a small restaurant, an event space and a 
lookout point. 
 
The reservoir will be thermally insulated and will store excess hot water which will be produced 
in nearby power plants during periods of high electricity demand, during periods of low 
electricity cost or during times when the power plants are underutilised. The energy will be 
available for later use for heating in the surrounding households and businesses [16]. 
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Figure 29: Main components of the structure in exploded view © LAVA Berlin [33] Slika 29: Glavne konstrukcijske komponente v razstavljenem pogledu © LAVA Berlin [33] 
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Figure 31: Architectural renderings of the tower and the restaurant © LAVA Berlin [33] Slika 31: Arhitekturni vizualizaciji stolpa in restavracije na vrhu © LAVA Berlin [33] 
 
  
Figure 32: Architectural rendering of the helical staircase © LAVA Berlin [33] Slika 32: Arhitekturna vizualizacija spiralnega stopnišča © LAVA Berlin [33] 
 3.1.1 Cable net façade 
 
The façade will consist of an evenly ascending helix beam, supported on the bottom concrete 
structure and the top crown truss which will rest on top of the silo. A cable net will be pre-
tensioned between the ground and the crown. It will be designed following a double curvature 
anticlastic principle. The cable net will include small freely rotating wind panels, which will 
produce a striking visual effect during wind gusts. The helix beam will feature an integrated 
staircase which will serve as an egress route [16]. 
 
            
Figure 33: Elevation views of the tower © LAVA Berlin [33] Slika 33: Stranska pogleda stolpa © LAVA Berlin [33] 
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3.1.2 Elevator supporting structure 
 
Secondary access will be provided by means of two elevators, located in-between the helix 
beam and the reservoir. The concrete structure will also serve as a structural member of the 
façade by providing horizontal supports. One of the two elevators will serve as vertical 
transportation for visitors, while the other will be a service elevator bringing up goods for the 
restaurant. 
 3.1.3 Restaurant 
 
The restaurant will have a maximum capacity of 200 people and will additionally serve as a 
lookout point. It will be supported by the same 15 support points along the perimeter of the 
water cylinder as the top crown. The main member of its structural system will be a near-
orthogonal welded steel grillage composed of large I-beams. 
 3.1.4 Access footbridge 
 
The access bridge will provide easy pedestrian access to the base of the reservoir and the 
staircase. 
 3.2 Software 
 
All static and dynamic analyses have been carried out inside the SOFiSTiK 2016 suite of 
programs. These include: 
• AQUA – generation of cross-sections 
• SofimshC – automatic meshing of geometry from a Rhino model (used for initial 
studies) 
• SofimshA – manual definition of the geometry and topology (used for the more detailed 
models in later stages of analysis) 
• Sofiload – input of loads 
• ASE – geometrically non-linear solver 
• AQB – calculation of stresses 
• MAXIMA – envelope generation 
 
Post-processing was done in: 
• Result viewer – output of results in table format 
• Wingraf – graphical output of results 
• SbpSof2 – graphical output plugin for Rhinoceros (developed in-office) 
 
3D modelling has been carried out in McNeel Rhinoceros 5, in conjunction with plugins 
Grasshopper and Kangaroo for parametric design and physical studies, respectively. 
Structural plans and drawings have been done in Autodesk Revit and Autodesk Inventor.  
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The final geometry of the cable net has been formfound using an sbp internally developed 
process. The following chapter presents a simpler form-finding method, comparable to 
dynamic relaxation.  
 3.3.1 Helix 
 
The ascending helix beam was constructed as a pure right-handed helix with approximately 
1.23 complete turns (443°) and a pitch (height of one turn) of approx. 41.6 m. The staircase 
will be attached to the helix and will complete exactly one turn. The starting and ending points 
of the helix gradually transition into end beams, making the structure seem like a spring or a 
screw emerging from the ground [16]. 
 
   
Figure 34: Ascending helix beam Slika 34: Vzpenjajoči se spiralni nosilec 
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3.3.2 Cable net 
 
Firstly, a cylinder has been drawn based on the constraints given by the architects. Note: this 
cylinder is not the same as the water storage cylinder. 
 
    
Figure 35: Step 1 and 2 of the formfinding process Slika 35: Koraka 1 in 2 procesa iskanja oblike 
 
The helix beam was defined in its footprint, along with the top and bottom rings. The net was 
defined on the cylinder's surface. 
 
    
Figure 36: Step 3 and 4 of the form-finding process Slika 36: Koraka 3 in 4 procesa iskanja oblike 
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Nodes along the rings were defined as supports for the cables. Additionally, all cable net nodes 
were constrained vertically in order to guarantee the horizontal cables to be absolutely straight 
and level. Each of the cable segments was defined as a spring with a certain stiffness.  
 
The fundamental step of the form-finding process was the adjustment of rest lengths of 
horizontal and vertical cables. This was done by multiplying them with factors of 0.8 and 0.9, 
respectively. By doing this, tension forces were induced in the cable net, which made it adopt 
a new structurally efficient geometry. The resulting cable net geometry was acceptable for 
preliminary analysis [17]. 
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3.4 Structural System 
 
The primary component of the structural system is the prestressed cable net. The supports for 
the net are provided along the bottom perimeter and along the crown on top. The crown is a 
braced steel truss which rests on the upper edge of the water storage cylinder. The net is then 
prestressed between these two boundary supports.  
 
     
Figure 38: Side and front view of the structure [20] Slika 38: Stranski in čelni naris konstrukcije [20] 
 
To provide access and act as a stiffening member, there is a helix beam that ascends around 
the whole perimeter and provides the net with additional horizontal stability. The helix is 
moment supported at the bottom concrete slab and at the top crown. The helix also has an 
additional horizontal support where it meets the lift shafts at approximately half its length. The 
system lines of the helix and the top ring of the crown are defined in plan view by a circle with 
a diameter of 37.5 m. To alleviate the torsionally soft nature of the helix beam, it is additionally 
stiffened with vertical cables running from the crown (or the ground) to the cantilevering 
staircase. 
 
Figure 39: Plan view of the structure [20] Slika 39: Tloris konstrukcije [20] 
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Figure 40: Schematic forces in load case G+P (SLS) Slika 40: Vizualizacija razporeda sil v obtežnem primeru G+P (MSU) 
 
The crown is a braced truss. The cable net is attached along the perimeter of the top ring. The 
cable net prestress forces get transferred through bending and compression of the top ring 
into the crown struts which transmit the force into the supports along the upper edge of the 






Figure 41: View of the crown without the cable net [20] Slika 41: Prostorski pogled na krono brez mreže kablov [20] 
 
The crown is symmetric along only one of its principal axes. Consequently, strut angles to the 
vertical change as you go around its perimeter. This causes uneven crown deflections and 
support forces. The deflections have an effect on the prestress levels as they cause an instant 
loss of prestress on one side of the net. This is counteracted by using the primary load case 
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Figure 42: View of the uncurled cable net [20] Slika 42: Pogled na razgrnjeno mrežo kablov [20] 
 
The water storage cylinder is a shell, thus it can efficiently carry only vertical and tangential 
loads. Any point loads normal to the cylinder surface are to be avoided. Hence the interface 
between the cylinder wall and the crown consists of bearings which transmit no radial loads. 
 
  
Figure 43: Schematic image of supports on top of the cylinder (left) [20], example of a 
unidirectionally released bearing (right) [41] © PG Brückentechnik Slika 43: Shematska slika podpor na vrhu cilindra (levo) [20], primer enosmerno 




Diagonal cables A ↗ Helix Diagonal cables B ↖ Horizontal cables C ← 
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3.5 Bill of Quantities 
 
Table 2 presents the bill of quantities, excluding the footbridge and the reservoir. As of August 
2017, the total steel tonnage amounts to approx. 350 t. The crown and helix will contribute 
approx. 180 t. There will be approx. 4.9 km of cables in the cable net, which is 27.5 t in cables 
alone. 
 






[cm2] [m] [m3] [kN/m] [kN] [t] [t]
10 Cables Dia A ↗ Cable 32 8.0 1692.7 1.36 0.06 106.9 10.9
11 Cables Dia B ↖ Cable 32 8.0 1703.8 1.37 0.06 107.6 11.0
12 Cables Hor C ← Cable 25 4.9 1448.8 0.71 0.04 55.8 5.7 27.5
21 Helix Custom 234.3 204.8 4.80 1.84 376.8 38.4
29 Helix secondary RHS 700 200 10 15 244.0 123.3 3.01 1.92 236.2 24.1 62.5
30 Top ring Tria 700 20 420.0 82.0 3.44 3.30 270.4 27.6
300 Top ring reinf. Tria 700 30 630.0 36.5 2.30 4.95 180.4 18.4
50 Columns RHS 450 450 12 12 210.2 152.8 3.21 1.65 252.2 25.7
500 Columns reinf. RHS 550 550 20 20 424.0 42.0 1.78 3.33 139.8 14.3
51 Bottom ring @ z=42m RHS 300 550 10 8 154.8 77.9 1.21 1.22 94.7 9.6
52 Bracing Rod 100 78.5 356.5 2.80 0.62 219.8 22.4 118.0
101 Level 0 beam #1 I 1200 400 35 20 520.0 180.5 9.38 4.08 736.7 75.1
102 Level 0 beam #2 I 700 300 15 10 160.0 55.1 0.88 1.26 69.2 7.1
103 Level 0 beam #3 IPE 600 156.0 0.0 0.00 1.22 0.0 0.0
104 Level 0 beam #4 RHS 400 250 15 8 134.2 21.1 0.28 1.05 22.2 2.3 84.4
110 Level 1 beam #1 HEA 140 31.4 100.4 0.32 0.25 24.7 2.5
120 Level 2 beam #1 HEB 140 43.0 148.4 0.64 0.34 50.0 5.1
122 Level 2 beam #2 IPE 400 84.5 126.8 1.07 0.66 84.1 8.6
123 Level 2 beam #3 HEB 500 238.6 25.5 0.61 1.87 47.8 4.9 21.1
140 Level 0 columns RHS 200 200 10 10 76.0 40.1 0.30 0.60 23.9 2.4
141 Level 1 out. columns CHS 150 10 44.0 78.0 0.34 0.35 26.9 2.7
143 Level 1 inn. columns RHS 150 150 12.5 12.5 68.8 124.6 0.86 0.54 67.2 6.9 12.0
160 Level 0 K-bracing CHS 150 10 44.0 111.9 0.49 0.35 38.6 3.9
161 Level 1 X-bracing Rod 50 19.6 28.9 0.06 0.15 4.5 0.5
162 Level 1 bracing RHS 250 250 10 10 96.0 39.9 0.38 0.75 30.1 3.1 7.5
130 Level 0 ring RHS 400 200 10 8 100.8 65.0 0.66 0.79 51.4 5.2
131 Level 0 ring reinf. RHS 400 200 30 15 222.0 12.9 0.29 1.74 22.5 2.3
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3.6 Loads 
 3.6.1 Dead load 
 
Self-weight of the structural components follows DIN EN 1991-1-1 [34]. Major structural details 
have been considered as additional node loads. The following specific weights have been 
used: 
• Reinforced concrete:      25.0 kN/m³ 
• Plain concrete:      24.0 kN/m³ 
• Soil:        18.0 kN/m³ 
• Screed:       20.0 kN/m³ 
• Lightweight concrete:      18.0 kN/m³ 
• Hollow concrete block:     14.0 kN/m³ 
• Structural steel:      78.5 kN/m³ 
The mass of steel elements has been globally increased by 20% in order to take clamps, welds, 
bolts, stiffeners, paint, etc. into account. The self-weight has been automatically applied to all 
line elements as line loads. 
 3.6.2 Superimposed dead load 
 Facade  
Most of the facade area will be loaded with 0.05 kN/m2 to account for facade wind plates. 
 
 
Figure 44: Area loads for LC Facade Superimposed Dead Load Slika 44: Površinska obtežba obtežnega primera Stalna obtežba fasade  Stairs  
The cantilevering substructure of the stairs is attached to the inner side of the helix. The 
superimposed loads of the stairs grating are included as steel quad elements with a thickness 
of 0.005 m. 
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Restaurant floors  
Superimposed Dead Load:   gwindows (along the floor perimeter)   = 5 kN/m 
      gconcreteslab  = 0.1 m ∙ 25 kN/m3   = 2.5 kN/m2 
      gscreed   = 0.125 m ∙ 20 kN/m3  = 2.5 kN/m2 
 
 
Figure 45: Area loads for LC Restaurant Superimposed Dead Load Slika 45: Površinska obtežba obtežnega primera Stalna obtežba restavracije  3.6.3 Live load 
 Stairs  
Live Load:        qstairs = 5 kN/m2  
 
 
Figure 46: Area loads for LC Stairs Live Load Slika 46: Površinska obtežba obtežnega primera Koristna obtežba stopnic 
 Restaurant  
Live Load:        qrestaurant = 5 kN/m2 
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Figure 47: Area loads for LC Restaurant Live Load Slika 47: Površinska obtežba obtežnega primera Koristna obtežba restavracije 
 3.6.4 Snow load 
 
Snow load on the stairs and restaurant is deemed to be insignificant in comparison with the 
live load and is thus not considered. 
 3.6.5 Ice load on cables 
 
Ice load on cables is calculated according to [15].  
 
City     Heidelberg    
Altitude above sea level  A = 116  [m] 
Region    German central mountains, A ≤ 400m, zone 3  
Icing class    R2    
Weight of ice on the cable  qk = 0.009  [kN/m] 
Height above ground level  h = 50    [m] 
Height factor    kz = 1.4  [-]      
Ice load    qice = 0.013  [kN/m] 
 
 
Figure 48: Line loads for LC Ice load Slika 48: Linijske obtežbe obtežnega primera Obtežba ledu na kablih 
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3.6.6 Wind load 
 
The wind pressure for the tower was calculated following Eurocode recommendations for 
circular silos [14]. This wind load calculation was used for preliminary analysis. Later in the 
project timeline, an actual wind tunnel test will be carried out for accurate wind loads. A qp 
value of 1.0 kN/m2 has been calculated for the pressure zone. The assumption that the 
structure is a perfect cylinder/silo is acceptable at this stage of analysis [16]. The figure below 
shows the variation of factor cp in relation to angle θ around an isolated circular silo. 
 
 
Figure 49: cp factor variation around half circumference of isolated silo in relation to angle θ 
(black line), cp factor simplification (blue, red and green lines), [14] Slika 49: Variacija cp faktorja v odvisnosti od kota θ v primeru osamljenega silosa (črna 
krivulja), poenostavitev krivulje (modre, rdeče in zelene črte), [14] 
 
The graph has been simplified to three distinct values for our analysis: 
• cp = 1.0 for the frontal pressure zone 
• cp = −1.5 for the side suction zone 
• cp = −0.3 for the back suction zone 
 
The wind loads have been applied on an assumed solid outer surface as Area Loads. Using 
full loads without accounting for the façade porosity was assumed to be on the safe side for 
preliminary analysis. Later, a factor of 0.6 was applied to wind loads in order to account for the 
porosity of the façade wind panels. 
 
              
Figure 50: Area loads (represented as arrows for each triangular quad element) for 
load case Wind +X, top view (left) and 3D view (right) Slika 50: Površinska obtežba (predstavljena kot puščica za vsak »Quad« element) 
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The temperature loads were applied to all steel members of the structure. The following 
temperature loading conditions were considered in the design according to [38]. 
 
Tout = Tmax + T4 
 
Tout,winter    = -24 °C 
Tout,summer  = 37 °C + 30 °C = 67 °C 
T0   = 10 °C  
Tpos   = 67 °C - 10 °C  = + 57 K 
Tneg   = - (10°C - ( -24 °C))  = - 34 K 
 
   
Figure 51: Thermal loads for LC Tpos (left) and thermal loads for LC Tneg (right) Slika 51: Temperaturni obtežbi obtežnih primerov Tpos (levo) in Tneg (desno)  
3.6.8 Thermal expansion of the water cylinder 
 
The water in the cylinder will be heated to high temperatures. The water storage cylinder will 
thermally expand vertically but will be partially constrained by the prestressed cable net façade. 
The bottom 26 m of the cylinder will be heated by +55 K, while the top 16 m will be heated by 
+40 K due to the division of the cylinder in two parts. 
 
The resulting nodal displacement under the given thermal load is calculated below: 
 
ΔL = αT ∙ 26 m ∙ 55 K + αT ∙ 16 m ∙ 40 K = 25 mm 
 
 
Figure 52: Nodal displacements for load case Cylinder thermal expansion Slika 52: Vsiljeni pomiki podpor obtežnega primera Temperaturno raztezanje cilindra 
25 mm 
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The effects of uneven settlements were determined to be insignificant due to the extreme 
stiffness of the massive 2 m thick concrete foundation slab [16]. 
 3.6.10 Earthquake 
 
While the city of Heidelberg lies mostly in the seismically inactive earthquake zone 0, the tower 
itself will be located exactly on the boundary between zone 0 and zone 1, therefore earthquake 
zone 1 had to be assumed for the design. The ground class was taken as Class S (area with 
deeper basin structures filled with sedimentary soils). 
 
 
Figure 53: Section of the German map of »Earthquake zones and geological ground 
classes« showing Heidelberg [11] Slika 53: Odsek karte »Potresna območja in geološki razredi tal«, ki kaže Heidelberg [11] 
 
Earthquake zone 1 is defined to have a reference ground acceleration of 0.4 m/s2 (0.041 g). 
The earthquake loads on the structure are predicted to be insignificant due to the low weight 
of the structure, coupled with such a small earthquake loading [16]. This can be seen in 
Appendix C, page 4. 
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3.7 Load Cases 
 3.7.1 Load combinations 
 
Load combinations for service and ultimate limit states are based on DIN EN 1990 [35]. 
 Ultimate limit state (ULS)  




1 0111 i k iiQikQj kPkjGj
QQPG   
Accidental design situation (ULS-A): 
   


1 211,21,11 i k iikj dkkj
QQorAPG   




1 21 i k iidj kkj
QAPG   
 Serviceability limit state (SLS)  





1 011 i k iikj kkj
QQPG 
 






'11 i k iikj kkj
QQPG 
 





1 21111 i k iikj kkj
QQPG 
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3.7.2 Combination and safety Factors 
 
The following safety factors and partial factors will be applied for the load combinations and 
design of the structure in the later stages of analysis: 
 
Table 3: Safety and partial factors [34-38] Preglednica 3: Varnostni in kombinacijski faktorji [34-38] 
 
 
During preliminary analysis (ger. die Genehmigungsplanung) the following SLS load 
combinations have been considered in the design: 
 
Table 4: SLS load combinations Preglednica 4: MSU obtežne kombinacije 
 
 




ULS STR Σ(j≥1) γG,j Gk,j + γPP + γQ,1Qk,1 + Σ(i>1) γQ,iψ0,iQk,i
SLS CHAR Σ(j≥1) Gk,j + P + Qk,1 + Σ(i>1) ψ0,iQk,i
Factors of Safety - STR γG γP γQ,1 γQ,i
Unbeneficial γF,sup 1.00 0.90 0.00 0.00
Beneficial γF,sup 1.35 1.20 1.50 1.50
Combination Factors ψ0 ψ1 ψ2
Live load - Category C (Restaurants) Q 0.70 0.70 0.60 (DIN EN 1991-1-1 - Table 6.1)
Live load - Category A (Stairs) Q 0.70 0.50 0.60 (DIN EN 1991-1-1 - Table 6.2)
Snow and ice loads S 0.50 0.20 0.00 (DIN EN 1991-1-3)
Wind loads W 0.60 0.20 0.00 (DIN EN 1991-1-4)
Thermal loads T 0.60 0.50 0.00 (DIN EN 1991-1-5)
Ice  
LC 1 LC 2 LC 3 LC 5 LC 6 LC 10 LC 11 LC 12 LC 20 LC 21 LC 25 LC 26 LC 30









(restaurant) +Temp 57K -Temp 34K
+Temp 






100 G+P 1 1 1 1
101 G+P+Q 1 1 1 1 1 1
102 G+P+Q+Qice 1 1 1 1 1 1 1
103 G+P+Q+Tpos 1 1 1 1 1 1 1
104 G+P+Q+Tneg 1 1 1 1 1 1 1
105 G+P+Q+Tcy l 1 1 1 1 1 1 1
106 G+P+Q+Tneg+Qice 1 1 1 1 1 1 1 1
107 G+P+Q+Tneg+Qice+Tcy l 1 1 1 1 1 1 1 1 1
110 G+P+Wx 1 1 1 0.6 1
111 G+P-Wx 1 1 1 0.6 1
112 G+P+Wy 1 1 1 0.6 1
113 G+P-Wy 1 1 1 0.6 1
115 G+P+Q+Wx 1 1 1 1 1 0.6 1
116 G+P+Q-Wx 1 1 1 1 1 0.6 1
117 G+P+Q+Wy 1 1 1 1 1 0.6 1
118 G+P+Q-Wy 1 1 1 1 1 0.6 1
124 G+P+Cpos 1 1 1 1
130 G+P+Wx+Cpos 1 1 1 0.6 1
131 G+P-Wx+Cpos 1 1 1 0.6 1
132 G+P+Wy+Cpos 1 1 1 0.6 1
133 G+P-Wy+Cpos 1 1 1 0.6 1
144 G+P+Q+Cpos 1 1 1 1 1 1
150 G+P+Q+Wx+Cpos 1 1 1 1 1 0.6 1
151 G+P+Q-Wx+Cpos 1 1 1 1 1 0.6 1
152 G+P+Q+Wy+Cpos 1 1 1 1 1 0.6 1
153 G+P+Q-Wy+Cpos 1 1 1 1 1 0.6 1
Temperature WindLive loadDead load
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The following ULS load combinations have been analysed for the design of structural steel 
members: 
 




Emergency Ice  








































200 G+P+Cneg 1.35 1.35 1.35 1
201 G+110%P+Cneg 1.35 1.35 1.35 1
202 G+P+Q 1.35 1.35 1.35 1.5 1.5 1
203 G+P+Q+Qice 1.35 1.35 1.35 1.5 1.5 1.5 1
204 G+P+Q+Tcyl 1.35 1.35 1.35 1.5 1.5 1.5 1
205 G+P+Q+Tcyl+Tneg 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1
210 G+P+Q+Wx 1.35 1.35 1.35 1.5 1.5 1.5 1
211 G+P+Q-Wx 1.35 1.35 1.35 1.5 1.5 1.5 1
212 G+P+Q+Wy 1.35 1.35 1.35 1.5 1.5 1.5 1
213 G+P+Q-Wy 1.35 1.35 1.35 1.5 1.5 1.5 1
220 G+P+Q+Tcyl+Tneg+Qice+Wx 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
221 G+P+Q+Tcyl+Tneg+Qice-Wx 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
222 G+P+Q+Tcyl+Tneg+Qice+Wy 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
223 G+P+Q+Tcyl+Tneg+Qice-Wy 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
230 G+110%P+Q+Tcyl+Tneg+Qice+Wx 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
231 G+110%P+Q+Tcyl+Tneg+Qice-Wx 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
232 G+110%P+Q+Tcyl+Tneg+Qice+Wy 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
233 G+110%P+Q+Tcyl+Tneg+Qice-Wy 1.35 1.35 1.35 1.5 1.5 1.5 1.5 1.5 1.5 1
251 G+110%P+Cneg-Tcyl 1 1 1 0.8 1
250 G+110%P+Cneg+Tcyl+Drainage 1 1 1 0.8 0.8 1
Live loadDead load WindTemperature
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3.7.3 Load takedown 
 
The top load takedown was performed at 16 supports where the crown rests on top of the 
cylinder. The reactions were one of the crucial parameters for the design of the cylinder. They 
were sent to the cylinder design engineers for further analysis. The analysed load cases have 
been chosen in such a way as to maximise the support reactions. 
 
The tables below present a comparison between the reactions submitted on 29.03.2017 and 
reactions submitted later on 22.05.2017. The earlier results have been obtained on one of the 
previous iterations of the structural system, which consisted of four oval rings, while the latest 
ones have been obtained on the helix system. The latest results also incorporate the radially 
released support bearing with a tangential gap of 1 mm, therefore only a certain number of 
tangential supports are usually activated.  
 
The two sets of results were compared and investigated to determine whether the change of 
the structural system has had a major impact. 
 
Note: only the vertical reaction results are sorted according to the node numbers. The same 
could not be done for the tangential reactions due to two springs that belong to each of the 16 
nodes. Furthermore, the system geometry was later adjusted to only feature 15 support nodes. 
 
        
 
Figure 54: Previous system (left) vs. the new helix system (middle) with support node 
locations and numbering system (restaurant structure omitted for clarity),  
directions (right) [20] Slika 54: Prejšnji konstrukcijski sistem (levo) v primerjavi z novim (sredina) ter z lokacijami 
podpornih vozlišč in njihovim sistemom oštevilčenja (konstrukcija restavracije skrita za 
jasnejši prikaz), smeri (desno) [20]   
Vertical 
Tangential 
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Table 6: Comparison of reaction forces between two separate structural systems in different 
load cases (all forces in kN) Preglednica 6: Primerjava reakcij med dvema različnima konstrukcijskima sistema za 
različne obtežne primere (vse sile v kN) 
   
 
   
   
   
 
Generally, the newer system performs better. Even though its reactions are higher (maximum 
vertical sum of approx. 44 MN vs. a maximum of approx. 40 MN), the reactions are distributed 
more evenly along the perimeter of the cylinder when compared to the older system. The 
increase in support forces can be attributed to a larger ΔTneg used in the new system (-37K vs. 
-30K) and a larger ULS factor for Tcyl loads (1.5 instead of 1.15 in the older one). Both of those 
contribute to an increase in cable forces, thus increasing the support reactions. 
29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 507 -2731 -1998 4001
-691 488 -2522 -1633 4002
-719 364 -1863 -1988 4003
-446 293 -1020 -1936 4004
-243 153 -986 -1995 4005
574 44 -1947 -1779 4006
1129 15 -2290 -1689 4007
457 0 -1796 -1688 4008
1 0 -1504 -1755 4009
-450 0 -1796 -1522 4010
-1146 0 -2302 -1421 4011
-570 0 -1937 -1615 4012
253 0 -985 -1886 4013
441 0 -1020 -1844 4014
720 0 -1863 -1850 4015
692 0 -2522 -2175 4016
Sum / / -29084 -28773




29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 532 -3364 -2489 4001
-718 466 -3119 -2081 4002
-750 330 -2407 -2509 4003
-467 315 -1502 -2411 4004
-253 204 -1446 -2502 4005
609 3 -2430 -2296 4006
1190 0 -2758 -2263 4007
483 0 -2208 -2202 4008
1 0 -1873 -2238 4009
-476 0 -2207 -1943 4010
-1208 0 -2771 -1892 4011
-604 0 -2419 -2051 4012
263 0 -1445 -2356 4013
462 0 -1503 -2311 4014
750 0 -2407 -2360 4015
719 0 -3119 -2653 4016
Sum / / -36977 -36557




29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 586 -3492 -2817 4001
-757 454 -3240 -2381 4002
-794 388 -2494 -2821 4003
-499 351 -1541 -2734 4004
-274 310 -1495 -2817 4005
641 31 -2550 -2599 4006
1273 25 -2899 -2549 4007
528 0 -2318 -2479 4008
1 0 -1968 -2500 4009
-521 0 -2317 -2165 4010
-1292 0 -2912 -2149 4011
-636 0 -2538 -2333 4012
286 0 -1493 -2691 4013
494 0 -1541 -2638 4014
795 0 -2493 -2667 4015
757 0 -3240 -2998 4016
Sum / / -38530 -41338




29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 533 -3580 -2983 4001
-782 505 -3323 -2695 4002
-824 450 -2555 -3005 4003
-521 380 -1571 -2896 4004
-286 369 -1532 -2975 4005
662 301 -2634 -2703 4006
1326 208 -2994 -2693 4007
555 163 -2391 -2624 4008
1 138 -2030 -2725 4009
-547 135 -2390 -2402 4010
-1345 120 -3009 -2240 4011
-657 68 -2622 -2498 4012
298 53 -1530 -2993 4013
516 52 -1571 -2829 4014
824 0 -2554 -2822 4015
783 0 -3322 -3046 4016
Sum / / -39608 -44131





29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 1223 -3728 -3084 4001
-987 852 -3395 -2859 4002
-1044 734 -2475 -2831 4003
-665 725 -1468 -2658 4004
-382 621 -1377 -2680 4005
1080 438 -2465 -2575 4006
2132 407 -3190 -2889 4007
967 371 -2679 -3013 4008
2 300 -2276 -3258 4009
-958 279 -2679 -2976 4010
-2157 234 -3202 -2231 4011
-1073 214 -2455 -2008 4012
393 208 -1376 -2363 4013
661 187 -1468 -2513 4014
1044 26 -2475 -2883 4015
987 17 -3395 -3231 4016
Sum / / -40102 -44050






29.3.2017 22.5.2017 29.3.2017 22.5.2017
Node #
0 915 -3751 -3318 4001
-1056 730 -3400 -2978 4002
-1276 657 -2402 -3051 4003
-906 548 -1456 -2656 4004
-637 483 -1573 -2681 4005
629 441 -2542 -2570 4006
1833 337 -3050 -2745 4007
1008 332 -2583 -2765 4008
1 247 -2227 -2951 4009
-1001 221 -2583 -2687 4010
-1852 200 -3063 -2227 4011
-623 195 -2531 -2130 4012
647 185 -1571 -2438 4013
901 139 -1457 -2538 4014
1277 44 -2402 -3066 4015
1057 0 -3400 -3380 4016
Sum / / -39992 -44178
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3.8 Load application check 
 
The structural model had to be checked to make sure that all loads have been correctly applied 
and that all of the loads were acting on it. The loads have been summed up manually and then 
compared to the reaction sums taken from Sofistik. This is an imporant step during 
development of a structural model, as it warns us if any loads are missing or applied multiple 
times. 
 
Table 7: Manual summation of line loads (self-weights and live loads) Preglednica 7: Seštevek vseh linijskih obtežb (lastnih tež in koristnih obtežb) 
 
Table 8: Manual summation of area loads (superimposed dead loads and live loads) Preglednica 8: Seštevek površinskih obtežb (stalnih in koristnih obtežb) 
 
 
Table 9: Comparison of values Preglednica 9: Primerjava vrednosti 
 
 
All of the vertical sums are within 2% of each other which is an acceptable discrepancy. The 
wind loads are less accurate though. Especially load case Wy+ is problematic with a 30% 
discrepancy. The problem has to be investigated further. 
# Label Area Length Volume Weight Weight Mass Sum Mass*1.2 Sum*1.2 SDL SDL Sum Live Live Sum Ice Ice Sum
per meter [t] [t] [kN/m] [kN] [kN/m] [kN] [kN/m] [kN]
[cm2] [m] [m3] [kN/m] [kN] [t] [t] 1.2
10 Cables a Rod 32 8.0 2012.2 1.62 0.06 127.0 12.7 15.2 0.013 26.2
11 Cables b Rod 32 8.0 2022.6 1.63 0.06 127.7 12.8 15.3 0.013 26.3
12 Cables c Rod 25 4.9 1540.0 0.76 0.04 59.3 5.9 31.4 7.1 37.7 0.013 20.0
21 Bottom Beam CHS 600 10 185.4 29.5 0.55 1.46 42.9 4.3 5.2
22 Helix CHS 600 10 185.4 153.7 2.85 1.46 223.6 22.4 26.7 26.8 32.0
23 Top Ring CHS 600 20 364.4 118.0 4.30 2.86 337.5 33.7 40.5
30 Bottom Ring RHS 550 300 8 8 133.4 81.7 1.09 1.05 85.6 8.6 10.3
31 Struts RHS 550 550 10 10 216.0 192.0 4.15 1.70 325.6 32.6 39.1
32 Bracing Rod 100 78.5 364.0 2.86 0.62 224.4 22.4 97.3 26.9 116.8
100 0.OG Beam1 RHS 1200 400 30 15 582.0 50.0 2.91 4.57 228.4 22.8 27.4
102 0.OG Beam2 RHS 1000 300 30 15 462.0 92.4 4.27 3.63 335.1 33.5 40.2
104 0.OG Beam3 RHS 800 300 30 15 402.0 70.7 2.84 3.16 223.1 22.3 26.8
106 0.OG Beam4 RHS 600 300 20 10 232.0 38.3 0.89 1.82 69.7 7.0 85.6 8.4 102.8
101 1.OG Beam1 RHS 350 200 20 10 142.0 50.0 0.71 1.11 55.7 5.6 6.7
103 1.OG Beam2 RHS 350 200 20 10 142.0 92.4 1.31 1.11 103.0 10.3 12.4
105 1.OG Beam3 RHS 300 150 12 8 80.2 70.7 0.57 0.63 44.5 4.4 5.3
107 1.OG Beam4 RHS 300 150 12 8 80.2 38.3 0.31 0.63 24.1 2.4 22.7 2.9 27.3
110 0.OG Columns CHS 400 10 122.5 55.6 0.68 0.96 53.5 5.3 6.4
111 1.OG Out.Columns CHS 300 10 91.1 72.0 0.66 0.72 51.5 5.1 6.2
112 1.OG Inn.Columns CHS 300 10 91.1 49.5 0.45 0.72 35.4 3.5 14.0 4.2 16.8
120 0.OG Bracing Rod 60 28.3 191.6 0.54 0.22 42.5 4.3 5.1
121 1.OG Bracing Rod 40 12.6 212.4 0.27 0.10 20.9 2.1 6.3 2.5 7.6
130 0.OG Ring RHS 600 400 12 12 234.2 78.0 1.83 1.84 143.5 14.3 17.2 5.00 390.2
131 1.OG Ring RHS 300 300 10 10 116.0 78.0 0.91 0.91 71.1 7.1 21.5 8.5 25.7
601 Stair cross Z 40.5 478.8 1.94 0.32 152.2 15.2 18.3 0.30 143.6 2.25 1077.3
602 Stair lateral Rect 300 10 30.0 125.7 0.38 0.24 29.6 3.0 18.2 3.6 21.8





















Group Label Area SDL1 SDL1 Sum SDL2 SDL2 Sum Live Live Sum Wpres Wsuc1 Wsuc2
[m2] [kN/m2] [kN] [kN/m2] [kN] [kN/m2] [kN] [kN/m2] [kN/m2] [kN/m2]
50 Facade Quads 5898.3 1.0 -1.5 -0.3
150 0.OG Quads 490.9 2.5 1227.2 3.0 1472.6 5.0 2454.4
151 1.OG Quads 490.9 2.5 1227.2 3.0 1472.6 5.0 2454.4
Manual sum Sofi. Ratio Manual sum Sofi. Ratio Manual sum Sofi. Ratio
Total DL 3885 3951 0.98 0 0 0 0
Total SDL 5933 5796 1.02 0 0 0 0
Total Live 5986 5861 1.02 0 0 0 0
Total Ice 72 72.5 1.00 0 0 0 0
Total +Wx 0 2.8 0.0 2125 1828 1.16 0 21.1 0.0
Total -Wx 0 0.6 0.0 2125 1953 1.09 0 19.6 0.0
Total +Wy 0 8 0.0 0 65.7 0.0 1731 1328 1.30
Total -Wy 0 5.4 0.0 0 77 0.0 1731 1566 1.11
Total Net PS 0 0 0 0 0 0
Total Tpos 0 0 0 0 0 0
Total Tneg 0 0 0 0 0 0
Total Tcyl 0 0 0 0 0 0
ΣFz [kN] ΣFy [kN]ΣFx [kN]
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Open spiral strand Galfan coated cables will be used. Diagonal cable diameter will be 32 mm, 
horizontal cable diameter will be 25 mm. Elastic modulus will be 160 GPa. In all stages of 
structural analysis, the cables are modelled as full circular sections. 
 
 
Figure 55: Open spiral strand cable (left), fully locked cable (middle), structural wire rope 
(right) © Pfeifer [10] Slika 55: Spiralna pramenasta vrv (levo), zaprta vrv (sredina), vrv (desno), © Pfeifer [10]  
The cable net will contain approx. 3400 m of diagonal cables and approx. 1450 m of horizontal 
cables with approx. 400 cable clamps in total. 
 3.9.1 Prestress 
 
The diagonal cables will be prestressed with approx. 190 kN each, while the horizontal cables 
will be prestressed with approx. 50 kN each. The pretensioning of the cables will be a slow, 
controlled process with careful monitoring of prestress levels. Any deviation from the calculated 
prestress level will be adjusted during construction or after. For this purpose, the cable ends 
(or possibly the connection details) will be outfitted with adjustable fork ends for tolerances and 
prestress adjustments [16]. 
 3.9.2 Primary load cases 
 
Primary load cases (PLC) are a powerful feature of SOFiSTiK which allow us to counteract the 
instant loss of prestress in the cable net due to the elastic deformation of the crown and help 
us to achieve a more uniform prestress distribution. 
 
This is done by prestressing the net in a series of steps: 
 
• Step 1: The initial geometry is stressed with our chosen prestress level. This results in 
a non-ideal geometry and cable forces but it is already closer to the final shape. 
• Step 2: The deformed geometry is extracted from the previous step with all cable forces 
set to zero (forces and moments in all the remaining structural members (beams) are 
retained, according to the deformed geometry). 
• Step 3: The “unloaded” cables of the deformed geometry are then prestressed again.  
This generally leads us to a more uniform prestress distribution that is also closer to 
our desired prestress level. 
 
Steps 2 and 3 are then repeated until the desired prestress distribution and geometry is 
achieved. In our case, this process is repeated approx. 5 times [16]. 
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The images below document the evolution of tensile forces in horizontal cables in a select area 
of the cable net during the stepwise prestressing procedure. The predetermined desired 
prestress force in each of the horizontal cables is 50 kN, which is almost achieved by step 5. 
Forces are in kN. 
 
    
Figure 56: Selected horizontal cables (left), cable forces in step 1 (right) Slika 56: Obravnavani horizontalni kabli (levo), sile v kablih v prvem koraku (desno) 
 
       
Figure 57: Cable forces in step 2 (left), cable forces in step 3 (right) Slika 57: Sile v kablih v drugem koraku (levo), sile v kablih v tretjem koraku (desno) 
 
       
Figure 58: Cable forces in step 4 (left), cable forces in step 5 (right) Slika 58: Sile v kablih v četrtem koraku (levo), sile v kablih v petem koraku (desno)   
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3.9.3 Prestress variation modelling  
 
Variations in prestress levels need to be considered during the design process. For this 
purpose, two additional load cases were developed: LC 45, which models a 10% decrease in 
prestress, and LC 46, which models a 15% prestress level increase. This was again modelled 
with thermal loads.  
 
Table 10: Calculation of thermal loads for modelling of reduced and increased prestress load 
cases Preglednica 10: Izračun temperaturne obtežbe za obtežna primera povečanega in 
pomanjšanega nivoja prednapetja 
   
  
LC45 PS 90% φ32 φ25
Area 804.2 490.9 [mm2]
Full pre-stress 190 50 [kN]
Red. pre-stress 171 45 [kN]
Delta -19 -5 [kN]
ΔT 12.30 5.31 [K]
LC46 PS 115% φ32 φ25
Area 804.2 490.9 [mm2]
Full pre-stress 190 50 [kN]
Incr. pre-stress 219 58 [kN]
Delta 29 7 [kN]
ΔT -18.46 -7.96 [K]
Pergarec, S. 2018. Cable net façade structure of an energy storage steel tower in Heidelberg. 53 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Civil Engineering, Structural Engineering. 
 
3.9.4 Loss of prestress through inaccurate cable lengths/clamp slippage 
 
The behaviour of the cable net in case of inaccurate cable lengths was investigated next. To 
simulate a cable being too long we applied a temperature load on it in such a way that it 
expanded by exactly the chosen amount, in this case, 50 mm or 20 mm, respectively. 
 







3.9.4.1 Long cable length variation 
 
First, a cable with a length of approx. 39 m was chosen. The appropriate temperature load was 
calculated using the equation for linear thermal expansion. Load case 900 has been defined 
as a thermal load of +106.7 K on the selected cable segments. 
 
  𝛥𝐿  50 mm    
  𝛼𝑇  1.2 ∙ 10
−5 1/K 
  𝐿  39061 mm   𝛥𝑇  106.7 K 
 
   
Figure 59: Cable segments under investigation (left), thermal load (right) Slika 59: Obravnavani kabelski segmenti (levo), temperaturna obtežba (desno)  
  
54 Pergarec, S. 2018. Fasadna konstrukcija iz mreže kablov za jekleni stolp za shranjevanje energije v Heidelbergu.  
Mag. d. Ljubljana, UL FGG, Univerzitetni študijski program II. stopnje Gradbeništvo. 
 
         
Figure 60: Incremental nodal horizontal (left) and vertical (right) deflections in comparison to 
the primary load case G+P Slika 60: Inkrementalni horizontalni (levo) in vertikalni (desno) pomiki vozlišč v primerjavi z 
glavnim obtežnim primerom G+P 
 
    
Figure 61: Prestress force comparison, ΔF compared 
to the primary load case G+P Slika 61: Primerjava sil v kablih, ΔF v primerjavi z 
glavnim obtežnim primerom G+P 
The deflections shown in Figure 60 
demonstrate that the effects are 
fairly minor – a horizontal deflection 
of approx. 30 mm over a span of 
almost 40 m is less than 1/1000 of 
the span. 
 
The forces in Figure 61 are shown 
as differences between the 
permanent load case G+P and the 
load case for the cable length 
variation. The cable in question 
loses approx. 120 kN of its prestress 
force which causes a minor increase 
of cable forces in the neighbouring 
cables. 
ΔF [kN] 
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3.9.4.2 Short cable length variation 
 
Secondly, a cable with a length of approx. 7 m was chosen. The corresponding load case 901 
has been defined as a thermal load of +618.6 K on the selected cable elements. 
 
  ΔL  50 mm    
  αT  1.2 ∙ 10
−5 1/𝐾 
  L  6736 mm 
  ΔT  618.6 K  
   
 
Figure 62: Cable segments under investigation (left), thermal load (right) Slika 62: Obravnavani kabelski segmenti (levo), temperaturna obtežba (desno) 
 Results  
   
Figure 63: Incremental nodal horizontal (left) and vertical (right) deflections in comparison to 
the primary load case G+P Slika 63: Inkrementalni horizontalni (levo) in vertikalni (desno) pomiki vozlišč v primerjavi z 
glavnim obtežnim primerom G+P 
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Figure 64: Prestress force comparison, ΔF compared to the primary load case G+P Slika 64: Primerjava sil v kablih, ΔF v primerjavi z glavnim obtežnim primerom G+P 
 
The deflections are more pronounced in this case (Figure 63). A horizontal deflection of 27 
mm for a cable with a length of approx. 7 m translates to 1/250 of the span which is still 
acceptable.  It also demonstrates that there have been no major cable net stiffness changes. 
There have been no significant force redistributions, except for the cable in question, which 
lost the majority of its prestress force (Figure 64). This is not a huge concern, as the cables 
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3.9.4.3 Clamp slippage approximation 
 
A slipping clamp was approximated by lengthening one cable segment and shortening the 
neighbouring segment. This simulated the clamp slipping along one cable, while the other two 
cables remained clamped. 
 
  ΔL  20 mm    
  αT  1.2 ∙ 10
−5 1/𝐾 
  L  3877 mm 
  ΔT  429.9 K  
   
Figure 65: Cable segments under investigation (left), thermal load (right) Slika 65: Obravnavani kabelski segmenti (levo), temperaturna obtežba (desno)  Results 
 
   
Figure 66: Incremental nodal horizontal (left) and vertical (right) deflections in comparison to 
the primary load case G+P Slika 66: Inkrementalni horizontalni (levo) in vertikalni (desno) pomiki vozlišč v primerjavi z 
glavnim obtežnim primerom G+P 
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Figure 67: Prestress force comparison, ΔF compared to the primary load case G+P Slika 67: Primerjava sil v kablih, ΔF v primerjavi z glavnim obtežnim primerom G+P  
 3.9.5 Cable creep 
 
Creep is the phenomenon of strain increasing at a constant stress level below the yield 
strength. A typical creep value for fully locked prestressed cables is 0.35 - 0.4‰ [10]. Cable 
creeping will occur after a certain load level and time have been passed. This might require 
higher prestress forces during the erection procedure as the creep has not yet fully finished. 
The time until cable creep is finished is highly dependent on the type of cable used, load levels, 
number of cyclical load applications and environmental temperature. 
 
Open spiral strand cables (which are used in this project) generally creep more compared to 
fully locked cables due to their more pronounced settling, therefore a value of 0.5‰ has been 
assumed as the 10 year creep value for our structure. This value was chosen through 
experience with similar projects in the past. Of course, the value will have to be confirmed with 
actual tests later. Additionally, as this structure is geometrically sensitive, it would ideally have 
to feature adjustable cable ends (forks) [10]. 
 
The cables are meant to be ordered with 80% of the value (0.8 ∙ 0.5‰ = 0.4‰), which 
effectively means that each cable will be ordered 0.4‰ shorter than the formfound geometry 
would suggest. This is due to the anticipated creep. The natural question at this point would 
be why are they not ordered according to the assumed full creep value of 0.5‰? 
 
ΔF [kN] 
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This is due to the extremely delicate nature of the structure in question: the creep values are 
related to forces in cables which are then introduced into the steel thin-walled cylinder as 
support loads. There are two possibilities that can occur during an ultimate limit state (ULS) 
scenario: some cables go slack because the cables crept too much, or there is a catastrophic 
collapse of the cylinder due to the cables creeping less than anticipated and introducing larger 
forces into the cylinder. The first option is preferable, therefore the cables are ordered with 
slightly longer lengths (i.e. smaller anticipated creep values) than would otherwise be 
necessary. Ultimately, though, the final value of cable creep will be decided after the creep 
tests are completed and evaluated. [16].  
 
The load case "Positive creep" was used to model the possibility of cables creeping 20% more 
than anticipated. Therefore the creep value was 1.2 ∙ 0.5‰ = 0.6‰ [16]. 
 
Table 11: Parameters of LC 40 for positive creep Preglednica 11: Parametri obtežnega primera 40 za pozitivno lezenje 
 
 
"Negative creep" was the name chosen for the load case in which only 50% 
(0.5 ∙ 0.5‰ = 0.25‰) of the final creep has occurred (approx. 200h after erection). It was used 
as the primary load case for analysis of the erection procedure as that is when the cable creep 
would not be at its nominal value. Most of the remaining 50% will take approx. 10 years. This 
"neg. creep" is superimposed with all ULS cases and with 115% prestress to get absolutely 
the highest support forces in the cylinder. This approach is very conservative but it was 
imperative to be absolutely on the safe side when providing the support forces for the cylinder 
design team [16]. 
 




LC40 positive creep 20%
Final creep 0.5 [‰]
Positive creep 0.6 [‰]
Δ = ε =  0.1 [‰]
ΔT 8.33 [K]
LC41 negative creep -50%
Final creep 0.5 [‰]
Negative creep 0.25 [‰]
Δ = ε =  -0.25 [‰]
ΔT -20.83 [K]
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3.10 Finite element modelling in SOFiSTiK 
 3.10.1 Interface between the crown and the cylinder 
 
Applying support displacements to a support in Sofistik causes it to become absolutely fixed. 
We wanted to retain the radial release even when applying support displacements, therefore 
a different solution had to be found. The support was divided into two basic components: 
vertical and tangential. Each of these was modelled with a spring with a high stiffness of 106 
kN/m. This enabled us to impose support displacements to the support nodes of the springs 




Figure 68: Structural model of the radially released sliding bearing with a 1 mm gap in the 
tangential direction Slika 68: Računski model radialno sproščenega drsnega ležišča z 1 mm prostim pomikom v tangencialni smeri 
 
Additionally, due to technical limitations of the bearings, they will not be absolutely fixed 
tangentially but will have at least 1 mm of free tangential movement. The gap is easily modelled 
in Sofistik so that the spring activates only when the node moves 1 mm towards it. 
 
 
Figure 69: Force-displacement diagram of a spring with gap Slika 69: Diagram sila-pomik za vzmet z določenim prostim pomikom 
 
Consequently, the node was tangentially unstable until the spring was activated. An extra 
spring without a gap was therefore defined in the gap and assigned a relatively low stiffness 






k = 106 kN/m 
k = 106 kN/m 
k = 103 kN/m 
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3.10.2 Detailed cable net model 
 
A more detailed model was required to extract accurate cable lengths and support forces. 
Cables were modelled 45 mm radially offset from each other, as they would be in reality. The 
connections between the cables were modelled as axially and laterally stiff springs. Sofistik 
allows for a clever implementation without transferring the excentricity (by using the command steu fede 0) [16]. 
 




Figure 70: Comparison of the actual clamp detail (left) with the structural model (right), [20] Slika 70: Primerjava dejanskega detajla kabelske spojke (levo) in računskega modela (desno), [20] 
 
   
Figure 71: Comparison of the actual helix attachment detail (left) with the structural model 
(right, with blue outlines for dimensions of structural members), [20] Slika 71: Primerjava dejanskega detajla spojev na spiralnem nosilcu (levo) in računskega 
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3.10.3 Numbering scheme 
 
A reliable, accurate and intuitive numbering scheme is a crucial part of a proper finite element 
model. The scheme includes the numbering of nodes, structural elements, cross-sections, 
groups, etc. It is well worth it to invest some additional time and effort into the numbering 
scheme at the beginning of a project, as it often turns out that inefficient or clumsy numbering 
systems lead into large revisions of structural models later on. 
 
 
Figure 72: Node numbering scheme Slika 72: Sistem oštevilčenja vozlišč 
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3.11 Feasibility studies 
 
Numerous feasibility studies have been carried out during the development of the structural 
system for different reasons (structural efficiency, cost reduction, architectural demands, 
element clashes, etc.). 
 
Table 13: Partial overview of structural system changes and computer model changes during 
development Preglednica 13: Delni pregled razvoja konstrukcijskega sistema in posegov v računski model 
 
 
One of the most important aspects of the structural system is the top crown. It is responsible 
for providing a stiff support on top and evenly distributing the cable net forces into the cylinder. 
Additionally, it must be stiff enough even while having radially released supports and having 
no radial spokes to increase the horizontal bending stiffness. It has therefore been a subject 
of many different studies. 
 




Figure 74: Two crown types, braced (left), truss (right) Slika 74: Dva tipa krone, z X-povezji (levo), paličje (desno) 



























Improved GH setout, intersecting helix and cables, stairs and quads added, PSD/PSH = 200/60 kN











Crown struts are now SHS 550/15, horizontal cables are horizontal again, bracing PS up to 300 kNBraced
Braced Crown struts are My fixed again, earthquake analysis included, restaurant quads redrawn, small facade quads deleted
Crown struts are now perpendicular to the compression ring
Braced Sliding bearings adjusted (from 4 springs to 3)
Braced Implemented numbering system for support nodes
Braced
Bracing up to φ100, bracing PS = 200 kN
Crown support bearings with 1mm tangential play on each side modelled
Diagonal truss crown
Crown support bearings with 1mm tangential play on each side modelled
Division of horizontal cables into two groups with two different PS levels
10c
11 Braced Cylinder and stiffener division into two parts, one with +55K, one with +40K. Cylinder toggle implemented.









Braced Simple cylinder with stiffeners modelled, water load applied
Braced Simple lift shafts modelled (two continuous U-shaped concrete shafts)
Braced
Lift shafts extended to the top floor, helix starting node set as a moment fixed support, facade plates 
SDL added (0.05 kN/m2), lift shaft-helix connection study, cylinder wall increased to 30 mm
Braced Cable eccentricity at top ring simulated with dummy beams
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The braced crown has the benefits of being lighter and less obtrusive, therefore it is the 
architecturally preferable system. On the other hand, it is more flexible in comparison to the 
welded truss crown. Furthermore, its bracing system requires prestressing in order to not go 
slack under loading.  
 3.11.1 Cable net deflections, crown deflections and slack cables 
 
Wind loads can cause slack cables to occur on the pressure loaded side of the cable net, 
especially in conjunction with positive thermal loads, reduced prestress levels, creep effects, 
etc. Slack cables are undesired as they can lead to substantial changes of the global stiffness 
and consequently to large cable net deflections. 
 
For that reason, deflections of the cable net and the crown have been studied. Particularly 
interesting were cable net deflections at its closest point to the lift shaft, where the clearance 
was only approx. 80 mm. Studies were performed in order to investigate if it was feasible to 
design a cable net that would only deflect by a maximum of 80 mm during critical SLS load 
cases. Some results are presented in Table 14. 
 
 
Figure 75: Top view of the critical 80 mm clearance between the lift shafts (blue) and the 
cable net (orange) Slika 75: Tloris kritične razdalje (80 mm) med mrežo (oranžna) in dvigalnim jaškom (modra) 
 
Of course, all of the aforementioned phenomena are interlinked, therefore the design process 
is often a case of trial and error. For instance, increasing the prestress levels helps decrease 
the number of slack cables, but also causes the net to deflect radially inwards and possibly 
cause a clash with the lift shafts, not to mention it would also increase the sensitive support 
forces on top. 
 
Table 14 compares numbers of slack cables (which were defined as having an axial force 
below 2 kN), cable net horizontal deflections at its closest point to the lift shaft, and vertical 
deflections of the crown upper ring. Different prestress ratios and levels are compared.  
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Table 14: Comparison of the number of slack cables in relation to crown type and prestress 
level (upper part of table), horizontal cable net deflections near the lift shaft (middle part of 
table) and vertical crown deflections (bottom part of table) Preglednica 14: Primerjava števila razbremenjenih kablov v odvisnosti od tipa krone in nivoja prednapetja kablov (zgornji del tabele), horizontalnih pomikov mreže kablov v bližini dvigalnih 
jaškov (srednji del tabele) in vertikalnih pomikov krone (spodnji del tabele) 
 
 
Notes: positive cable net Ux deflections are oriented away from the lift shafts. 
Positive crown Uz deflections are oriented upwards. 
PSD = prestress force in diagonal cables. 
PSH = prestress force in horizontal cables. 
 
Two crown types and three different cable net prestress levels have been compared. The 
upper segment of Table 14 presents the number of slack cables for each case. It can be seen 
that the total numbers of slack cables are roughly similar for each of the crown types. However, 
increasing the prestress levels has a dramatic effect on the numbers. An increase of PSD/PSH 
levels up to 250/100 kN reduces the number of slack cables fivefold. As always, there are 
drawbacks; in this case substantially increased support forces on top and large cable net 
deflections (leading to a clash with the lift shaft). 
 
The middle segment of Table 14 illustrates the cable net deflections at the critical point. Any 
number below  -80 mm basically denotes that a clash has occured. According to this criterion, 
the only feasible system is the one with PSD/PSH = 200/66 kN. However, this is the system 
with the largest amount of slack cables. 
 
The last line in Table 14 shows the vertical deflection of the crown. It can be seen that higher 
prestress forces in diagonal cables lead to larger deflections. It is also apparent that the truss 
crown has a higher stiffness and deflects by a smaller amount. 
PSD [kN] 200 250 200 200 250 200
PSH [kN] 66 100 100 66 100 100
ratio 3 2.5 2 3 2.5 2
G+P+Wx 6 4 4 8 4 4
G+P-Wx 0 0 0 0 0 0
G+P+Wy 1 0 0 1 1 0
G+P-Wy 1 0 0 1 0 0
G+P+Wx 4 0 1 3 0 1
G+P-Wx 1 0 0 1 0 0
G+P+Wy 9 1 8 10 1 8
G+P-Wy 4 0 3 5 0 3
Total 26 5 16 29 6 16
G+P -12.9 -149 -291 4 -127 -276
G+P+Wx -34.8 -169 -310 -20.4 -148 -297
G+P-Wx -70.2 -203 -343 -58 -183 -331
G+P+Wy 53.1 -87.7 -233 74.6 -62 -215
G+P-Wy 24.9 -112.4 -256 43.8 -88 -239
G+P -61 -75 -61 -22 -26.9 -22.1
Number of cable segments with N < 2 kN





Braced crown Truss crown
Hor. 
cables
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It was decided that, in any case, the distance between the cable net and the lift shaft was 
simply too small. Three solutions were proposed, presented in Table 15. 
 
Table 15: Comparison of three proposed solutions to the problem of the small clearance 
between the cable net and the lift shaft Preglednica 15: Primerjava treh predlaganih rešitev problema s premajhno razdaljo med 




Solution A: Offsetting the complete cable net 
façade by approx. 1 metre in the X direction 
(translation away from the lift shafts). 
 
Drawbacks: unsymmetric. 
 Chosen as the optimal solution. 
 
Solution B1: Scaling the entire façade outwards. 
 





Solution B2: Only increasing the helix radius 
between the top and bottom rings, both of which 
would stay the same. 
 
Drawbacks: architecturally unacceptable, the 
façade would be slimmer on top and bottom but 




    
Figure 76: Top view of the lift shaft situation, before (left) and after the adjustment (right) Slika 76: Tloris situacije dvigalnih jaškov, pred (levo) in po popravku (desno) 
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Effects of 1 mm tangential gap in the sliding bearing 
 
These effects were once more investigated for the two crown types but only for one prestress 
level (PSD/PSH = 200/66 kN). The sliding bearing with the gap and the reasoning for its 
implementation are described in chapters 3.4 and 3.10.1). 
 
Table 16: Comparison of crown deflections depending on type of structural system and the 
inclusion of tangential bearing gap Preglednica 16: Primerjava pomikov dveh tipov kron v odvisnosti od prisotnosti 1 mm prostega tangencialnega pomika 
 
Notes: 
PSD = prestress force in diagonal cables. 
PSH = prestress force in horizontal cables. 
 
 
Figure 77: Locations of deflection readouts in 
Table 16 Slika 77: Mesta odčitanih pomikov v Table 16 
As expected, the inclusion of the 
tangentially slightly released bearing 
has a barely noticeable effect on 
horizontal and vertical deflections of the 
top crown ring. It does, however, have 
an effect on the radial deflections at the 
bearing itself. They are larger by up to 
170%. This can lead to an eccentric 
reaction force transfer from the crown 
into the cylinder which would require 
further investigation [16]. 
 
PSD [kN] 200 200 200 200
PSH [kN] 66 66 66 66
ratio 3 3 3 3
no yes no yes
Absolute Uz G+P -61 -61.2 100% -22 -23 105%
+Wx -11.4 -12.7 111% -12.2 -13.7 112%
-Wx -8.3 -9.9 119% -8.4 -10.3 123%
+Wy 11.4 12.5 110% 12.1 13 107%
-Wy 10 11 110% 10.5 11.4 109%
Absolute Ux G+P 65 65.2 100% 11.5 12.4 108%
+Wx 10.4 9.7 93% 8.6 9 105%
-Wx 8.2 7.9 96% 7 7.8 111%
+Wy -10.8 -10.6 98% -9.1 -9.1 100%
-Wy -9.3 -9.1 98% -7.7 -7.6 99%
Absolute Ux G+P -5.4 -5.6 104% -4.9 -4.9 100%
+Wx -2.4 -4.8 200% -2.4 -3.9 163%
-Wx -1.4 -3.8 271% -1.5 -3.2 213%
+Wy 2.3 3.7 161% 2.3 3.8 165%
-Wy 2.1 3.5 167% 2 3.2 160%





Incremental Uz at 
lowest point of top 
crown ring, [mm]
Incremental Ux at 
lowest point of top 
crown ring, [mm]
Incremental Ux at 
bearing, [mm]
Ux at lowest 
point of top
crown ring










Ux at bearing 
Ux at lowest point 
of top cr wn ring 
 
Uz at lowes  p in  
of top cro  ri g 
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Revision of wind loads 
 
Application of full 100% wind load on the porous cable net surface was considered to be too 
conservative. The following test used 60% wind load values, reduced cable net prestress 
values by 10% and an additional 0.1‰ of cable creep to get the lowest cable forces and 
support forces on top. The reduced value of 60% wind load has been obtained after a 
discussion with the wind consulting engineer. It has produced favourable results, especially 
regarding the slack cables. The design process continued with this prestress level and the 
reduced wind load.  
 
It was quite unlikely that load cases with full Tpos (+57K) and full wind load are going to occur 
at the same time in the building design life of 50 years [16]. The bottom half of Table 17 
presents cases with wind loads, a reduced prestress level and with additional creep. These 
were thought to be more likely load cases. Results that have shown only 8 slack cable 
segments occuring during 4 load cases have reassured the team that the design process was 
moving in the right direction. 
 
Table 17: Effects of reduced wind load and reduced prestress on number of slack cables  Preglednica 17: Primerjava števila razbremenjenih kablov pri zmanjšanem nivoju prednapetja 
in zmanjšani vetrovni obtežbi 
Figure 78: Slack cable segments 
during SLS  G+0.9P+Cpos+Wy 
with PSD/PSH=220/90 kN Slika 78: Razbremenjeni kabelski segmenti v MSU G+0.9P+Cpos+Wy pri PSD/PSH=220/90 kN 
 
  
100% wind 60% wind delta
PSD [kN] 220 190 -30
PSH [kN] 90 78 -12
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Cable net with spiraling horizontal cables 
 
An intermediate study with horizontal cables following the curvature of the helix has proven 
this structural system to be unfeasible due to poor structural behaviour and large deflections. 




Figure 79: Structural model with horizontal cables following the curvature of the helix Slika 79: Študija konstrukcije, pri kateri horizontalni kabli sledijo ukrivljenosti spiralnega nosilca 
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3.12 Details  
3.12.1 Interface with the concrete structure 
 
The primary concrete structure will consist of a 2 m thick base foundation slab and two elevator 
shafts. There will also be a perimeter retaining wall for the basement rooms and storage. This 
wall will be used as the boundary support for the cable net. The attachment points will be 
realised with preloaded embedded anchor rods. The fork ends will possibly incorporate 
adjustable ends for tolerance adjustment of the cable net. Another beneficial factor of the 
raised connection points is a lower likelihood of corrosion due to salting during wintertime [16]. 
 
 
Figure 80: Connection detail between a diagonal cable and the foundation slab (left) and 
location on the structure (right) [20] Slika 80: Detajl stika med diagonalnim kablom in betonsko temeljno ploščo (levo) in lokacija na konstrukciji (desno) [20] 
 
The beginning of the helix beam will be rigidly fixed to the same perimeter wall. The lug plates 
will be embedded during concrete structure construction. The helix will be welded into place 
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3.12.2 Adjustable cable clamp 
 
The cable clamps will be attached at every point where the three cables intersect. The purpose 
of the clamp is to fasten the three different cables together, forming a node. The clamp consists 
of three "sub-clamps", each of which is attached to its own cable. The three sub-clamps are 
then fastened together with two bolts going through the entire thickness of the clamp. The two 
sub-clamp faces are connected with pre-loaded bolts to be able to transfer differential forces 
through friction [16]. 
 
 
Figure 81: Typical cable clamp in false colours for visual clarity – orange diagonal cables (↗), 
blue diagonal cables (↖), gray horizontal cables (←) and dark gray clamp bolts [20] Slika 81: Tipična kabelska spojka v umetnih barvah za preglednost – oranžen diagonalen kabel (↗), moder diagonalen kabel (↖), siv horizontalen kabel (←) in temno siva vijaka spojke [20] 
 
Due to the cable net having a complex geometry with many different node geometries, the 
clamping detail had to be designed to allow for adjustability. The clamp is designed to have an 
adaptable angle between the two diagonal cables. Typical and adjustable details decrease the 
number of distinct details and consequently drive the costs down. This is an important factor 
to recognise, considering there are approx. 400 clamps in the cable net. 
 
The primary parameter for clamp design is the cable differential force that has to be transmitted 
through clamp friction to the neighbouring cables. Each clamp must, of course, be in statical 
equilibrium. 
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Figure 82: Cable forces (left) and differential forces (right) during wind loading (randomly 
chosen node) Slika 82: Sile v kablih (levo) in diferencialne sile (desno) med obtežbo vetra (naključno 
vozlišče) 
 
Note: the forces depicted in the diagram above include their out-of-plane components as the 
cable net has a double curvature. 
 
Each cable segment was numbered according to the numbering scheme which made it easy 
to systematically compare differential forces in Excel. If all three differential cable forces were 
under the design limit, the clamp was deemed to be acceptable. 
 
Table 18: Table of first six horizontal cables and their constituent segments Preglednica 18: Oštevilčeni segmenti prvih šestih horizontalnih kablov 
 
 
Clamp differential forces have been investigated under SLS loading conditions. Two load 
cases are shown as an example below. 
Hor C ← 1 2 3 4 5 6
+20000
Total segments 120001 120010 120102 120201 120301 120401
413 120002 120011 120103 120202 120302 120402
120003 120012 120104 120203 120303 120403
120004 120013 120105 120204 120304 120404
120005 120014 120106 120205 120305 120405
120015 120107 120206 120306 120406
120016 120108 120207 120307 120407
120017 120109 120208 120308 120408
120018 120110 120209 120309 120409
120019 120111 120210 120310 120410
120020 120112 120211 120311 120411
120021 120113 120212 120312 120412
120022 120114 120213 120313 120413
120023 120115 120214 120314 120414
120024 120116 120215 120315 120415
120025 120117 120216 120316 120416
120026 120118 120217 120317 120417
120027 120119 120218 120318 120418
120028 120120 120219 120319 120419
120029 120121 120220 120320 120420
120030 120122 120221 120321 120421
120123 120222 120322 120422
120124 120223 120323 120423
120125 120224 120324 120424
120126 120225 120325 120425
120127 120226 120326 120426
120128 120227 120327 120427
120129 120228 120328 120428
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Load case G+P  
 
Figure 83: Differential clamp forces in diagonal cables A ↗ during LC G+P Slika 83: Differencialne sile v diagonalnih kablih A ↗ v obt. primeru G+P 
 
Table 19: Distribution of differential clamp forces in diagonal cables A ↗ during LC G+P Preglednica 19: Razpored diferencialnih sil v diagonalnih kablih A ↗ v obt. primeru G+P 
 
 
 Load case G+P+Wx 
 
 
Figure 84: Differential clamp forces in diagonal cables A ↗ during LC G+P+Wx Slika 84: Differencialne sile v diagonalnih kablih A ↗ v obt. primeru G+P+Wx 
 
Table 20: Distribution of differential clamp forces in diagonal cables A ↗ during LC G+P+Wx Preglednica 20: Razpored diferencialnih sil v diagonalnih kablih A ↗ v obt. primeru G+P+Wx 
 
 
The results are summed up in the table below for each cable group and for all (!) load cases. 







































































































Dia A ↗, LC G+P
ΔF 0-5 kN 5-10 kN 10-15 kN 15-20 kN 20-25 kN 25-30 kN 30-35 kN 35-40 kN 40-45 kN 45-50 kN 50-55 kN 55-60 kN 60-65 kN





































































































Dia A ↗, LC G+P+Wx
ΔF 0-5 kN 5-10 kN 10-15 kN 15-20 kN 20-25 kN 25-30 kN 30-35 kN 35-40 kN 40-45 kN 45-50 kN 50-55 kN 55-60 kN 60-65 kN
# of clamps 219 81 39 23 19 7 6 10 2 1 0 0 0
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Table 21: Summed up occurrences of differential clamp forces for all (!) load cases, ΔF in kN Preglednica 21: Sešteto število dogodkov različnih velikosti diferencialnih sil za vse (!) 
obtežne primere, ΔF v kN 
 
 
At first sight, the number of large differential force occurrences (ΔF > 25 kN) seemed to be 
very high (approx. 1300). 
 
It was discovered however that this happened as a consequence of the rough application of 
wind loads – they were not applied as a gradual distribution around the cylinder but with instant 
jumps where the suction transitioned into pressure and vice versa. This would not be the case 
in reality as the cp value changes gradually as we go around a cylinder, according to [14] and 
[16]. 
 
Figure 85 shows areas of clamps with differential forces above 25 kN in orange and the 




Figure 85: Cable net areas with high differential forces (ΔF > 25 kN, orange) occurring in 
wind load transition zones Slika 85: Področja kablov z velikimi diferencialnimi silami (ΔF > 25 kN, oranžna), ki se pojavijo tam, kjer vetrovna obtežba preide iz tlaka v srk 
 
The clamp design will have to be revisited once the wind tunnel testing is completed and 
accurate wind loads are received [16]. 
  
# of clamps with: ΔF < 25 25 < ΔF < 40 40 < ΔF < 65 ΔF > 65 
Dia A ↗  10060 386 66 0 
Dia B ↖  9851 375 94 2 
Hor C ← 9751 340 15 0 
+Wx 
+Wy 
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3.12.3 Kinetic façade 
 
To create a striking visual effect of movement during wind loading, the façade will include small 
metal plates that will rotate either about the horizontal or about the vertical axis. Their rotational 
movement will be damped with springs. Their vertical dimension will be approx. 1 m. 
 
   
Figure 86: Individual façade plates [20] Slika 86: Individualni fasadni paneli [20] 
 
    
Figure 87: Façade plates mounted on the cable net, stationary (left) and in motion (right) [20] Slika 87: Fasadni paneli pripeti na mrežo kablov, mirujoči (levo) in v gibanju (desno) [20]  
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3.12.4 Modular helix 
 
Due to the regular helix geometry (constant pitch and radius), the stairs and helix can be 
assembled from approx. 20 identical modules, which is an extremely cost-efficient solution.  
 
 
Figure 88: Helix segments with integrated stairs [20] Slika 88: Segmenti spiralnega nosilca z integriranimi stopnicami [20] 
 
A finite element local model has been constructed to investigate the structural behaviour of the 
stairs. Especially punching of the stairs at the vertical wall of the helix was a concern. Different 
helix cross-sections and stiffener positions were compared (circular hollow section, triangular 
hollow section, trapezoidal hollow section). 
 
 
Figure 89: Finite element model of a segment Slika 89: Model segmenta s končnimi elementi 
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4 CONCLUSION 
The first part of the master’s thesis contains an overview of the field of tensile structures, along 
with their key principles and form-finding techniques. An in-depth look at each of these subjects 
would most probably be beyond the scope of this work. Nevertheless, an attempt has been 
made to gradually present, through thought experiments and simple examples, a summary of 
the field.  
 
First, some basic principles of lightweight structures were presented, such as elimination of 
bending, utilisation of prestressing, minimisation of dead loads, effects of geometric stiffness, 
etc. As lightweight structures are a broad field, we focused on the fascinating subclass called 
tension structures. Their various geometric shapes were categorised with the help of Gaussian 
curvature (positive, negative and zero). Additionally, some examples were listed for each of 
the categories. The prevailing formfinding methods and their working principles were shown, 
e.g. dynamic relaxation, the transient stiffness method and the force density method. 
 
A simple hyperboloid cable net has been designed in order to demonstrate how the formfinding 
software operates. Software Rhinoceros with plugins Grashopper and Kangaroo has been 
used in this case. Rhinoceros is a popular and versatile 3D modelling software. It is made even 
more powerful with Grasshopper, a tool for parametric design. Kangaroo provided the actual 
physical simulations that enabled us to carry out the formfinding. 
 
The history of structural engineering firm schlaich bergermann partner (sbp) was briefly 
described along with some of their key projects. Two of their prominent cable net projects 
(Schmehausen cable net cooling tower and Killesberg cable net lookout tower) were presented 
in more detail as case studies. 
 
The second part of the work was an examination of the design process of an actual cable net 
project, the Energie- und Zukunftsspeicher Heidelberg, Germany. This project is currently still 
in the design phase and is scheduled for completion in 2018.  
 
The project, its purpose and its main components were introduced in the overview chapter. 
The formfinding phase and the structural system were explained. All of the various loads were 
listed (facade plates, restaurant floors, stair live loads, cable ice loads, wind loads, thermal 
loads, etc.). Load cases and combinations were presented as well. An important aspect of the 
design was the load takedown on top as it was needed for the design of the steel cylinder itself.  
 
The following chapters focused on the cables and on cable forces. A uniform prestress 
application was necessary for favourable cable net behaviour. It was achieved through the 
primary load case functionality in Sofistik. Studies on cable net response in case of inaccurate 
cable lengths were presented next. They have shown that the cable net in question is fairly 
robust and relatively unsuscpetible to inaccurate cable lengths. Cable creep was also a crucial 
part of the design process and was thoroughly explained. Some feasibility studies have been 
carried out, analysing the relationship between cable net prestress levels, cable net deflections 
and numbers of slack cables. At the end, some details were presented – cable clamps and a 
basic outline of their design process, the concrete connection detail, the modular helix beam 
and the revolving facade plates. 
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5 RAZŠIRJENI POVZETEK 
Principi delovanja lahkih konstrukcij  
Praktično vse dobro izkoriščene konstrukcije imajo nekaj lastnosti v skupnem: so lahke, 
namesto upogiba se čimveč poslužujejo prenosa obtežb z nateznimi in tlačnimi silami ter 
pogosto uporabljajo mehanizma prednapetja in dvojne ukrivljenosti.  
 
Vsaka konstrukcija na planetu je pod vplivom gravitacije. Na primeru prostoležečega nosilca s 
pravokotnim prerezom 𝑏/ℎ, dolžino 𝐿 in spec. težo 𝛾 je dokazano, da njegova teža narašča s 












𝑤  teža nosilca 
𝛾  specifična teža nosilca 
𝑏  širina nosilca 
𝐿  dolžina nosilca 
𝑓𝑦  meja tečenja materiala 
 
Velika optimizacija teže in učinkovitosti nosilca se lahko doseže z ohranitvijo njegovih skrajnih 
vlaken in odstranitvijo večine manj učinkovitega notranjega materiala, torej pretvorba nosilca, 
ki deluje v upogibu, v paličje, ki deluje le z osnimi silami. 
 
Vsak material ni enako učinkovit pri prenosu nateznih sil. To lastnost lahko opišemo s t.i. 
pretržno dolžino, ki nam pove dolžino navpične vrvi poljubnega primera, ki lahko nosi samo 
sebe. Nekaj primerov:  
 
• beton C30/37: 0.1 km 
• jeklo S355: 6 km 
• jeklen kabel (fu = 1770 MPa): 23 km 
• ogljikova vlakna (fu = 7060 MPa):  388 km 
 
Prednapetje je zelo uporabno pri kabelskih konstrukcijah, saj nam omogoča izrabo tudi tistih 
kablov, ki bi sicer prejeli tlačne sile in se izklonili. Fenomen lahko opišemo z enostavnim 
primerom kabla, navpično napetega med dvema podporoma z osno silo P. Če na kabel 
obesimo utež s težo G1, ki je manjša od dvakratnika sile v kablu, se bo polovica teže prenesla 
navzgor, polovica pa navzdol. Toda spodnji del kabla ne bo izkusil tlačne sile, ampak redukcijo 
natezne, kar je statično enakovredno. Če pa na kabel obesimo utež G2, ki ima težo, večjo od 
dvakratnika sile v kablu, povzročimo popolno razbremenitev spodnje polovice kabla in 
prepolovitev osne togosti sistema, kar je razvidno v grafu sila-pomik.  
Pergarec, S. 2018. Cable net façade structure of an energy storage steel tower in Heidelberg. 79 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Civil Engineering, Structural Engineering. 
 
 Miselni eksperiment o prednapetju ter graf sile G v odvisnosti od pomika u  
 
Zelo pomembna značilnost vseh konstrukcij, zlasti pa nateznih, je geometrijska togost. Ta 
pride do izraza, kadar imamo v konstrukciji natezne osne sile in prečno delovanje obtežb. 
Zlahka si jo predstavljamo s primerom napetega vodoravnega kabla z navpično točkovno silo 
na sredini. Očitno je, da bo sistem s povečevanjem osne sile vedno bolj tog. 
 Natezne konstrukcije – membranske in kabelske 
Membranske konstrukcije in mreže kablov lahko na popolnoma analitičnem nivoju 
obravnavamo kot enakovredne, saj je mreža kablov v bistvu samo diskretizirana membrana. 
Poleg tega se moramo zavedati, da kabli in membrane lahko prenašajo samo in izključno 
natezne obtežbe, zato je globalna togost nateznih konstrukcij v celoti odvisna od ustreznega 
nivoja nateznih sil. Seveda se take konstrukcije obnašajo geometrijsko nelinearno. 
 Oblike nateznih konstrukcij 
Pri projektiranju nateznih konstrukcij ima projektant na voljo neskončno oblik. Za razliko od 
tradicionalnih konstrukcijskih sistemov, oblika nateznega sistema ne more biti predpisana na 
začetku, temveč se razvija iterativno zaradi neločljive povezave med nivojem prednapetja in 
obliko membrane oz. mreže. 
 
Prve raziskave na tem področju so bile eksperimentalne narave, in sicer preizkusi z milničnimi 
opnami v 18. stoletju. Kmalu so bile razvite enačbe obnašanja milnice, ugotovljeno pa je bilo 
tudi, da so oblike, ki jih zavzame milnična opna, t.i. minimalne ploskve (kar pomeni, da so to 
ploskve, karakterizirane z lokalnim minimumom potencialne energije). 
 
Definirane so s povprečno ukrivljenostjo H (aritmetično povprečje glavnih ukrivljenosti), ki mora 
biti po celotni minimalni ploskvi enaka nič. Pomemben pojem je tudi Gaussova ukrivljenost K 
(zmnožek obratnih vrednosti glavnih ukrivljenosti), s katero lahko klasificiramo tipe ploskev. 




R1 = P 
R2 = P 
G1 
R2 < P 
R1 > P 
R1 = R2 + G1 R1 = G2 











Brez prednap tja 
S prednap tjem 
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i)  Natezne konstrukcije z negativno Gaussovo ukrivljenostjo 
Sem spadajo hiperbolični paraboloidi prepoznavnih sedlastih oblik ter 
hiperboloidi, ki jih pogosto vidimo kot hladilne stolpe termoelektrarn. Njihova 
glavna prednost je dvojna ukrivljenost nasprotnih predznakov, kar jim, v 
kombinaciji s prednapetjem, omogoča prevzem obtežb iz katerekoli smeri. 
 
ii)  Natezne konstrukcije z Gaussovo ukrivljenostjo enako nič 
To so ali ravninske ali pa cilindrične konstrukcije (eden ali oba radija enaka 
neskončno povzročita padec Gaussove ukrivljenosti na nič). Ravninske 
ploskve se pogosto uporabljajo kot steklene fasade (prednapeta mreža 
kablov, na katero so pritrjeni stekleni paneli. Take fasade ponavadi 
potrebujejo visoko raven prednapetja za dosego zadostne togosti izven 
ravnine in posledično zelo toge podpore po obodu. 
 
iii)  Natezne konstrukcije s pozitivno Gaussovo ukrivljenostjo 
Ker imata obe ukrivljenosti enak predznak, take konstrukcije same po sebi 
niso stabilne. Običajno jih iz notranje strani podpira povišan zračni tlak, 
dovajan s pihalniki.   Metode iskanja oblike 
i)   Dinamična relaksacija 
Metoda dinamične relaksacije temelji na reševanju sistema dinamičnih enačb gibanja. 
Vsakemu vozlišču je dodeljena določena točkovna masa, ki je lahko tudi imaginarna. Sistem 
niha okoli svoje ravnovesne lege pod vplivom presežnih sil (ang. residual forces). Te sile se 
sčasoma zaradi vpliva dušenja zmanjšujejo in ko dosežejo določeno dovolj nizko raven, je 
sistem v ravnotežju.  
 
Začnemo z znano dinamično enačbo gibanja: 
 




indeks i prosto vozlišče i, 
𝐩𝐢  vektor zunanje obtežbe, ki deluje na vozlišče i, 
𝐊 globalna togostna matrika, 
𝐌   (imaginarna) globalna masna matrika,
 
𝐂  globalna matrika dušenja, 
𝐮i  vektor pomikov vozlišča i, 
?̇?i  vektor hitrosti vozlišča i, 
?̈?i  vektor pospeškov vozlišča i.  
Po vpeljavi vektorja rezidualnih sil 𝐫i, ki ga definiramo kot razliko med zunanjo obtežbo in 
notranjimi silami, in prehodu na notacijo za eno samo vozlišče i, pridemo do enačbe (2.13). 
Pergarec, S. 2018. Cable net façade structure of an energy storage steel tower in Heidelberg. 81 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Civil Engineering, Structural Engineering. 
 



























To enačbo vstavimo v enačbo (2.19) in jo nato lahko uporabimo za izračun geometrije pri času 
n+1. 
 
ii)   Metoda prehodne togosti 
Metoda je osnovana na običajni metodi majhnih pomikov (𝐟 = 𝐊 𝐮), čeprav se tovrstne 
konstrukcije običajno obnašajo geometrijsko nelinearno. Ta problem lahko rešimo tako, da 
vpeljemo iterativen način reševanja enačb, obenem pa ne uporabljamo polnega vektorja 
rezidualnih sil 𝐫, ampak samo delež le-tega, Δ𝐫. Tako preko enačb (2.20) in (2.21) pridemo do 





Seveda v vsakem koraku izračunamo novo globalno togostno matriko na podlagi nove 
geometrije. Če geometrijo konstrukcije v k-tem koraku označimo z 𝐗k, lahko geometrijo v 
naslednjem koraku dobimo na sledeč način (en. (2.23)): 
 
𝐗k+1 = 𝐗k + Δ𝐮k+1 
 
Proces je zaključen, ko velikost vektorja rezidualnih sil pade pod neko dovolj majhno vrednost. 
 
iii)   Metoda gostote sil 
Ta postopek temelji na razmerjih med silami v kablih in njihovimi dolžinami. Če si zamislimo 
ravninski primer dveh kablov a in b, spojenih na sredini (vozlišče i), na sredini obteženih s 
točkovno silo p in podprtih na skrajnih koncih (vozlišči j in k), lahko ravnotežje sil v sistemu 





 (𝑥𝑗 − 𝑥𝑖) +
𝐹𝑏
𝑙𝑏




 (𝑦𝑗 − 𝑦𝑖) +
𝐹𝑏
𝑙𝑏




𝑝𝑥 , 𝑝𝑦   x in y komponenti obtežnega vektorja p 
𝐹𝑎 , 𝐹𝑏   osni sili v kablih a, b 
𝑙𝑎 , 𝑙𝑏   dolžini kablov a, b 
𝑥𝑖, 𝑦𝑖   x in y koordinati prostega vozlišča i 
𝑥𝑗,𝑘 , 𝑦𝑗,𝑘  x in y koordinati podpor j, k  
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Za pretvorbo sistema enačb iz nelinearnega v linearnega, vpeljemo spremenljivko 𝑞𝑚, ki je 
enaka razmerju med silo in dolžino določenega kabla. Če privzamemo, da je ta vrednost neka 
konstanta, npr. 1, sistem pretvorimo v linearen sistem dveh enačb z dvema neznankama, 
koordinatama nepodprtega vozlišča. Obenem vektor obtežbe enačimo z nič, saj nas zanima 
neobremenjena geometrija konstrukcije. 
 
Iskanje oblik mrež kablov v programskem okolju Rhinoceros 
Okolje Rhinoceros se je izkazalo za zelo robustno orodje za t.i. form-finding mrež kablov. V ta 
namen potrebuje še dva vtičnika, orodje za parametrično modeliranje Grasshopper ter 
simulator fizike Kangaroo. V tem poglavju smo njegovo delovanje demonstrirali na preprostem 
primeru parametrično modelirane hiperboloidne mreže kablov. Dotično orodje uporablja 
metodo dinamične relaksacije. Vsa presečišča kablov so vozlišča z določenimi masami. 
Pomemben korak je vpeljava t.i. začetnih dolžin, to so dolžine, ki bi jih kabli zavzeli, če ne bi 
bili ovirani oz. vpeti. Če te dolžine pomnožimo s faktorjem, manjšim od 1, na ta način 
povzročimo prerazporeditev geometrije v novo ravnotežno lego. 
 
    
Začetna in končna geometrija (radiji ukrivljenosti so označeni z modro barvo) 
 
Tukaj je lepo vidna tudi dvojna ukrivljenost z nasprotnima predznakoma, kar tovrstnim mrežam 
daje togost v obeh smereh, npr. pri tlaku in srku vetra. 
 
Ko dosežemo željeno geometrijo, jo iz okolja Rhinoceros izvozimo naravnost v okolje za račun 
konstrukcij Sofistik, kjer nadaljujemo z analizo. 
 Projektivni biro schlaich bergermann partner (sbp) 
V tem poglavju je na kratko opisana zgodovina podjetja schlaich bergermann partner, ki je bilo 
zadolženo za idejno zasnovo in projektiranje projekta Energie- und Zukunftsspeicher Heidelberg, ki je podrobneje opisan v drugi polovici magistrske naloge.  
 
Opisana je karierna pot nemških inženirjev Jörga Schlaicha in Rudolfa Bergermanna, ki sta si 
preko številnih specialnih projektov tekom druge polovice 20. stoletja pridobila dovolj izkušenj, 
da sta leta 1980 ustanovila omenjeni projektivni biro. Od takrat se podjetje ukvarja s 
projektiranjem izjemnih konstrukcij, kot so stadionske strehe, lahki mostovi za pešce in tudi 
cestni mostovi, steklene fasade, ena izmed njihovih posebnosti pa je tudi ukvarjanje z 
energijskim inženiringom.  
 
Na koncu sta bolj podrobno opisana dva projekta, ki vključujeta mreže kablov, in sicer hladilni 
stolp Schmehausen in razgledni stolp Killesberg. 
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Energijski hranilnik prihodnosti Heidelberg  
Energie- und Zukunftsspeicher Heidelberg 
 
To poglavje se osredotoča na temeljito predstavitev omenjenega projekta, na opravljene 
študije izvedljivosti ter na samo fazo projektiranja. Objekt bo služil predvsem kot hranilnik vroče 
vode iz okoliških termoelektrarn, obenem pa bo na njegovem najvišjem nivoju manjša 
restavracija in razgledna točka. 
 
   
Računalniški upodobitvi stolpa Energie- und Zukunftsspeicher Heidelberg © LAVA Berlin [33] 
 
Predstavniki mestne občine Heidelberg 
si niso želeli še enega pustega valja, ki 
pogosto kazi pokrajino, v katero je 
umeščen. Posledično je na natečaju 
zmagal berlinski arhitekturni biro LAVA 
v sodelovanju s projektantom sbp, in 
sicer z atraktivnim projektom jeklenega 
cilindra višine 42 m in premera 25 m, 
okoli katerega je ovita prednapeta 
jeklena mreža kablov, ki služi kot 
fasada.Na fasadi bo obešenih mnogo 
kovinskih panelov, ki bodo okoli ene osi 
skoraj prosto vrteči in bodo med 
vetrovnimi obtežbami zanimivi na 
pogled. Omembe vreden je spiralni 
nosilec, ki ima poleg konstrukcijske tudi 
vlogo stopnišča. 
 
Cilinder z volumnom okoli 20 000 m3 bo na višini 25 m predeljen s termalno izolativno plastjo, 
kar bo omogočilo, da bo okoli 12 800 m3 vode v spodnjem prekatu segrete na vse do 115°C. 
Tako visoka temperatura bo dosegljiva zaradi večjega hidrostatičnega pritiska v spodnjem 
prekatu. 
 Iskanje oblike mreže kablov 
Končna oblika je bila najdena z interno razvitim orodjem, za začetno geometrijo pa je bilo 
uporabljeno prej omenjeno okolje Rhinoceros ter Kangaroo. Najprej je bila določena 
geometrija spiralnega nosilca in krone na vrhu. Oba sta bila definirana po obodu namišljenega 
cilindra s premerom približno 37.6 m. Mreža je bila zrisana parametrično, tako da so bili 
Betonska temeljna plošča 
Jeklen rezervoar 
Prednapeta fasada 
Restavracija in razgledna točka 
Dvigalna jaška 
Celotna konstrukcija v razstavljenem pogledu © LAVA Berlin [33] 
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vsakršni naknadni popravki izjemno enostavni. V vtičniku Kangaroo so bile nato vsem 
vozliščem dodeljene fiktivne mase, poleg tega pa so bile na presečiščih kablov s spiralnim 
nosilcem, krono in tlemi določene podpore. Zadnji korak je bila dodelitev krajših mirujočih 
dolžin vseh kablov, v temu primeru s faktorjem 0.8 za diagonalne kable in 0.9 za horizontalne. 
Nato je Kangaroo preko iterativne dinamične relaksacije prišel do nove ravnovesne lege, ki je 
prikazana skrajno desno spodaj. 
 
         Proces iskanja oblike v okolju Rhinoceros/Grasshopper/Kangaroo 
 Konstrukcijski sistem 
Glavna komponenta fasadnega sistema je prednapeta mreža kablov. Ta je podprta na tleh in 
na vrhu na t.i. kroni. Krona je pritrjena na zgornjem obodu cilindra, ki nato celotno obtežbo 
prenese do temeljne plošče. 
 
             Stranski ris konstrukcije (levo), vizualizacija razporeda sil v obtežnem primeru G+P (MSU) (desno) 
 
Spiralni nosilec se vije pod kotom 19.8° okoli rezervoarja. Na obeh koncih je togo pritrjen. Ima 
dodatno podporo blizu sredine razpona, kjer se približa dvigalnim jaškom. 
 
Posebnost krone je v tem, da je podprta z drsnimi ležišči, in sicer sproščenimi v radialni smeri. 
S tem se v večji meri izognemo vnosu radialnih sil v tankostenski cilinder, ki je na take obtežbe 
seveda zelo občutljiv.  
 
Popis količin 
Popis količin nam pove, da bo celotna masa jekla (brez rezervoarja) znašala približno 346 ton 
(od tega 28 ton za kable, kar pomeni okoli 5 km kablov, 118 ton za krono, 63 ton za spiralni 
nosilec in približno 130 ton za konstrukcijo restavracije). 
Tlak 
Nateg 
A - A 
A A 
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Obtežbe in obtežne kombinacije 
Naslednje poglavje našteje vse nanešene obtežbe in obtežne kombinacije. 
 
• Lastna teža 
o Upoštevana že v programu. Pomnožena s faktorjem 1.2, ki v obzir vzame 
dodatno težo spojk, barv, premazov, zvarov, vijakov, ipd. 
• Stalna obtežba 
o 0.05 kN/m2, po večini površine fasade, obtežba fasadnih panelov 
o 5 kN/m2, v restavraciji (betonska plošča in estrih) 
o 5 kN/m, okna po obodu restavracije 
• Obtežba snega in ledu 
o Obtežba snega zanemarjena zaradi visoke koristne obtežbe 
o 0.013 kN/m, obtežba ledu na vseh kablih 
• Toplotno raztezanje jeklenega rezervoarja vode 
o 25 mm, vsiljen vertikalen pomik podpor tik pod krono 
• Vetrovna obtežba 
o poenostavljena 
o pritisk 1.0 kPa v čelni coni 
o srk -1.5 kPa v stranskih conah 
o srk -0.3 kPa v zadnji coni 
o kasneje prilagoditev s faktorjem 0.6 zaradi poroznosti fasade 
• Neenakomerni posedki temeljev 
o zanemarjeni zaradi togosti masivne temeljne plošče z debelino 2 m 
• Potresna obtežba 
o 0.04 g, projektni pospešek tal 
o majhna obtežba in hkrati majhna masa konstrukcije 
 
Obtežbe so v začetnih fazah kombinirane brez delnih faktorjev, saj gre za študije izvedljivosti. 
 
Odčitanje reakcij  (ang. Load takedown) 
Za projektiranje jeklenega hranilnika vode je bilo zadolženo drugo podjetje, zato je potrebovalo 
točne vrednosti vertikalnih in tangencialnih reakcij, ki bodo vnešene v cilinder preko krone. Ta 
proces je zelo delikaten, saj je cilinder del sistema, ki prevzame celotno prednapetje fasade in 
vse obtežbe iz restavracije, kar v najbolj neugodnem mejnem stanju nosilnosti znaša približno 
44 MN (vertikalno). Dva različna konstrukcijska sistema sta bila primerjana. Ugotovljeno je bilo, 
da ima novejši sicer višje seštevke reakcij, ampak so bolj enakomerno porazdeljene. Poleg 
tega reakcije niso višje zaradi morebitne slabe zasnove novega sistema, ampak so bili pri 
novem sistemu uporabljeni bolj neugodni temperaturni obtežni primeri. 
 Kabli in prednapetje 
Vsi kabli bodo tipa odprte pramenaste vrvi. Diagonalni kabli bodo premera 32 mm, horizontalni 
pa 25 mm. Elastični modul bo znašal 160 GPa. Prednapetje vsakega diagonalnega kabla bo 
znašalo približno 190 kN, vsakega horizontalnega pa 50 kN. 
 
Nato je na primeru peščice horizontalnih kablov pokazano, kako lahko v Sofistiku preko 
funkcije primarnih obtežnih primerov (ang. Primary load cases) v nekaj iteracijah dosežemo 
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zelo enakomerno porazdelitev prednapetja. Pokazano je tudi, kako s temperaturnimi 
obtežbami simuliramo obtežne primere variacij nivoja prednapetja in študije izgub prednapetja. 
 
Naslednje poglavje je posvečeno lezenju kablov, ki je v tovrstnih konstrukcijah nezanemarljivo. 
Tipična vrednost predvidenega lezenja v 10 letih za kable tega tipa je 0.5‰. Ker je ta 
konstrukcija izjemno občutljiva na velikost v cilinder vnešenih reakcij, bodo kabli naročeni z 
80% vrednostjo predvidenega lezenja, torej 0.4‰. To pomeni, da bodo naročeni 0.4‰ krajši, 
kot v izhodiščni geometriji. Razlog je, da je bolje biti na varni strani in imeti malenkost daljše 
kable, kot pa krajše, ki bi posledično v cilinder vnesli morebitne previsoke sile. To bi lahko 
povzročilo katastrofalno porušitev celotne konstrukcije. Izdelana sta bila tudi obtežna primera 
pozitivnega (+0.1‰) in »negativnega« (-0.25‰) lezenja, s katerima so bile preverjene sile v 
kablih in reakcije ob morebitnem napačno predpostavljenem poteku lezenja. 
 Modeliranje v okolju Sofistik 
Opisan je model podpor na vrhu cilindra, ki morajo biti ves čas radialno sproščene. Če jim 
vsilimo pomike, kot npr. v obtežnem primeru temperaturnega raztezanja cilindra, postanejo v 
programu Sofistik togo podprte. Problem je bil rešen z vpeljavo dodatnih togih (k = 106 kN/m) 
podpornih vzmeti v navpični in tangencialni smeri, katerim so bili pomiki zlahka vsiljeni, 
obenem pa je bilo dejansko vozlišče še vedno sproščeno v radialni smeri. 
 
Čeprav so ležišča v tangencialni smeri toga, je to v praksi težko zagotoviti, zato je bil modeliran 
tudi prosti tangencialni pomik vsakega ležišča v velikosti 1 mm. To je bilo doseženo z vzmetjo, 
ki se aktivira šele po določenem pomiku. Za boljšo konvergenco rešitve je bila v odprtini 
definirana še ena relativno mehka vzmet s togostjo 103 kN/m. 
 
Uvedba zanesljivega, intuitivnega in natančnega sistema številčenja vozlišč, elementov, 
skupin, prerezov, itd. je v začetni fazi projekta zelo pomembna, saj se pogosto izkaže, da 




To poglavje se osredotoča na preverjanje različnih konstrukcijskih sistemov krone in pomikov 
mreže, ter na evaluacijo števila in pozicij razbremenjenih kablov v različnih obtežnih primerih. 
Opisane so težave z iskanjem ravnotežja med primernim nivojem prednapetja (za čim manjše 
število razbremenjenih kablov med vetrovno obtežbo) in dovoljšnjim prostorom med mrežo 
kablov in dvigalnima jaškoma. Problem je bil rešen s translacijo celotne fasadne konstrukcije 
za 1 m stran od dvigalnih jaškov. Preučen je bil tudi učinek drsnih ležišč z 1 mm prostim 
pomikom na vrhu cilindra. Izkazalo se je, da je ta učinek izrazit predvsem pri radialnih pomikih 
ležišč, in sicer so bili ti do dvakrat večji. 
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Detajli 
Stik mreže kablov z betonsko temeljno ploščo bo izveden s prednapetimi sidri v betonu. 
 
Kabelske spojke bodo sestavljene iz treh delov za vsakega izmed kablov. To bo omogočilo 
prilagodljivost kota med kabli. Geometrija mreže je namreč kompleksna z mnogo različnimi 
koti. Glede na končno število spojk, ki bo znašalo nekje okoli 400, je prilagodljivost ključnega 
pomena. 
 
Opisan je tudi postopek določanja diferencialnih sil, ki se pojavijo v spojkah. Te sile so glavni 
parametri, po katerih je spojka dejansko projektirana. 
 
 
Sile v kablih (levo) in diferencialne sile (desno) med obtežbo vetra (naključno vozlišče) 
 
Zaradi učinkovitega sistema oštevilčenja elementov, je diferencialne sile razmeroma 
enostavno analizirati v programskem okolju Excel. Večina diferencialnih sil je pod mejo 25 kN, 
za tiste, ki so nad 25 kN, pa se izkaže, da se nahajajo v območjih fasade, kjer vetrovna obtežba 
v enem skoku preide iz srka v tlak (zaradi grobo poenostavljenih vetrovnih obtežb). 
 
Na koncu je predstavljenih še nekaj vizualizacij fasadnih vrtljivih plošč in segmentov spiralnega 
nosilca. 
19 kN 
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APPENDICES 
A Serviceability limit state – cable forces [kN] 
 
 
Figure 90: Cable forces, LC 100 G+P 
Slika 90: Sile v kablih, OP 100 G+P 
 
 
Figure 91: Cable forces, LC 101 G+P+Q 
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Figure 92: Cable forces, LC 103 G+P+Q+Tpos 
Slika 92: Sile v kablih, OP 103 G+P+Q+Tpos 
 
 
Figure 93: Cable forces, LC 104 G+P+Q+Tneg 
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Figure 94: Cable forces, LC 105 G+P+Q+Tcyl 
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Figure 95: Cable forces, LC 130 G+P+Wx+Cpos 
Slika 95: Sile v kablih, OP 130 G+P+Wx+Cpos 
 
 
Figure 96: Cable forces, LC 131 G+P-Wx+Cpos 
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Figure 97: Cable forces, LC 132 G+P+Wy+Cpos 
Slika 97: Sile v kablih, OP 132 G+P+Wy+Cpos 
 
 
Figure 98: Cable forces, LC 133 G+P-Wy+Cpos 
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Figure 99: Nodal translations, LC 130 G+P+Wx+Cpos 
Slika 99: Premiki vozlišč, OP 130 G+P+Wx+Cpos 
 
 
Figure 100: Nodal translations, LC 131 G+P-Wx+Cpos 
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Figure 101: Nodal translations, LC 132 G+P+Wy+Cpos 
Slika 101: Premiki vozlišč, OP 132 G+P+Wy+Cpos 
 
 
Figure 102: Nodal translations, LC 133 G+P-Wy+Cpos 
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C Ultimate limit state – cable forces [kN] 
Note: all load cases below include the increased 110% PS case 
 
Figure 103: Cable forces, LC 201 G+P+Cneg 
Slika 103: Sile v kablih, OP 201 G+P+Cneg 
 
 
Figure 104: Cable forces, LC 202 G+P+Cneg+Q 
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Figure 105: Cable forces, LC 230 G+P+Cneg+Q+Tcyl+Tneg+Ice+Wx 
Slika 105: Sile v kablih, LC 230 G+P+Cneg+Q+Tcyl+Tneg+Ice+Wx 
 
 
Figure 106: Cable forces, LC 231 G+P+Cneg+Q+Tcyl+Tneg+Ice-Wx 
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Figure 107: Cable forces, LC 232 G+P+Cneg+Q+Tcyl+Tneg+Ice+Wy 
Slika 107: Sile v kablih, LC 232 G+P+Cneg+Q+Tcyl+Tneg+Ice+Wy 
 
 
Figure 108: Cable forces, LC 233 G+P+Cneg+Q+Tcyl+Tneg+Ice-Wy 
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Figure 109: Cable forces, LC 205 G+P+Cneg+Q+Tcyl+Tneg 
Slika 109: Sile v kablih, LC 205 G+P+Cneg+Q+Tcyl+Tneg 
 
 
Figure 110: Cable forces, LC 8874 Earthquake 
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D Ultimate limit state – helix and crown internal forces and moments [kN,kNm] 
 
 
Figure 111: Axial forces in the crown and in the helix, LC 201 G+P+Cneg 
Slika 111: Osne sile v kroni in spiralnem nosilcu, OP 201 G+P+Cneg 
 
 
Figure 112: Shear forces Vy in the crown and in the helix, LC 201 G+P+Cneg 
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Figure 113: Shear forces Vz in the crown and in the helix, LC 201 G+P+Cneg 
Slika 113: Prečne sile Vz v kroni in spiralnem nosilcu, OP 201 G+P+Cneg 
 
 
Figure 114: Bending moments My in the crown and in the helix, LC 201 G+P+Cneg 
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Figure 115: Bending moments Mz in the crown and in the helix, LC 201 G+P+Cneg 
Slika 115: Upogibni momenti Mz v kroni in spiralnem nosilcu, OP 201 G+P+Cneg 
 
 
Figure 116: Torsional moments Mt in the crown and in the helix, LC 201 G+P+Cneg 
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Figure 117: Axial forces in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
Slika 117: Osne sile v kroni in spiralnem nosilcu, OP 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
 
 
Figure 118: Shear forces Vy in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
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Figure 119: Shear forces Vz in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
Slika 119: Prečne sile Vz v kroni in spiralnem nosilcu, OP 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
 
 
Figure 120: Bending moments My in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
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D-6 Pergarec, S. 2018. Fasadna konstrukcija iz mreže kablov za jekleni stolp za shranjevanje energije v Heidelbergu. 
Mag. d. Ljubljana, UL FGG, Univerzitetni študijski program II. stopnje Gradbeništvo. 
 
 
Figure 121: Bending moments Mz in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
Slika 121: Upogibni momenti Mz v kroni in spiralnem nosilcu, OP 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
 
  
Figure 122: Torsional moments Mt in the crown and in the helix, LC 231 G+P+Cneg+Q+Tcyl+Ice-Wx 
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Pergarec, S. 2018. Cable net façade structure of an energy storage steel tower in Heidelberg. E-1 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Civil Engineering, Structural Engineering. 
 
E Open Spiral Strand Galfan Cables Pfeifer brochure  
 
Figure 123: Open spiral strand technical specifications [10] Slika 123: Tehnične specifikacije spiralnih pramenastih vrvi [10] 
